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The first edition of this volume appeared in 2004. Since tlr@eyest in visual
double star observation has increased considerably anel dine now several very
active groups around the world. | have taken the opporttaitgvise the first edition
and remove some typos and also to add four new chapters whielele reflects
the increased activity.

| am grateful to Springer for the chance to revise this book.
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Double stars are the rule, rather than the exception, indte seighbourhood
and probably beyond. Current theories of star formatiomtptmi multiple stars or
stars and planets as the preferential outcome of grawtatintostellar material.
Stellar pairs can be detected at many wavelengths from X-velyere modern satel-
lites can resolve the two brightest components of Castpafs¢ion 3.8 arc seconds)
to the radio where the precision of long baseline interfextyyncan also see the 4
milli-arsecond ‘wobble? in the 2.87 day eclipsing systenAlgfol and can distin-
guish which of the two stars is emitting the radio waves. Thegne in a wide
range of orbital sizes, periods and masses. From the nabisdtem alpha + KU
Lib where the stars are separated by almost one parsec arswiation is barely
perceptible, through the spectroscopic binaries withqosriof weeks, down to ex-
otic pairs like double white dwarf contact systems with pdsi of 5 minutes. From
young x-star binaries like NGC 3603 Al in the Large Magelta@ioud containing
two extremely bright and hot stars, of 116 and 89 solar madses to the snappily
named 2MASS J1426316+155701 a pair of brown dwarfs with esassly 0.074
and 0.066 times that of the Sun.

In this volume we are concentrating on only one aspect, thegavidouble stars,
which we can define as those pairs which can be seen or imageteiascope of
moderate aperture. The classic image of the double stanayses a professional
scientist with a large refractor and a brass filar micromist@o longer valid. Re-
searchers can not afford to spend a lifetime measuring & laugnber of pairs in
order to get a few dozen orbits. The high precision astramsétellites, ground-
based interferometer arrays, and infrared speckle intarfetry have all helped re-
spectively to discover large numbers of new pairs, pushctetection into the
spectroscopic regime with measurement of binaries witfogdsiof a few days, and
to probe the near and mid-infrared where faint red and browarficompanions
and, ultimately, planets appear. This has left a large nurob&ide, faint pairs
which are underobserved.

There has been a common perception that double star obgésveither not
very interesting or does not afford any opportunities faefuswork. The aim of
this book is to dispel these views and indicate where obsemght usefully di-
rect their efforts. At the basic level, we give advice abauwtio observe them with
binoculars and small telescopes. At a more serious levapteins about microme-
ters, CCD cameras and other techniques have been includiethdse who do not
wish to spend several hundred pounds on a filar micrometegrtiiecule eyepieces
such as the Celestron Micro Guide available for catadioptescopes can be used
effectively for relative position measurement of widerrpaand for those who find
observing too taxing, astrometry of faint pairs can be dogneXamination of some
of the huge catalogues produced from the various SchmidégsrRafael Caballero
takes us through the means and facilities.

Clearly for the observer, the role of the telescope is veryartant. For casual
viewing any optical aid can give reasonable views of widelanght double stars. |
spent several years accumulating visual estimates of goimgnitudes, and relative
positions of more than 1,000 pairs using a 21-cm reflectargugvebb’s Celestial
Objects for Common Telescopes (Volume Il) and Norton’s 8téas (15th edition,
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1964). Even in the Norton’s many of the measures given wene1than 30 years
old and it was this that sparked an interest in obtaining asnmeter to bring them
up-to-date.

For those who wish to enjoy the glory and colours of doublessthis version
contains a welcome additional chapter by Jeremy Perez, wridheketch them.

On the whole, equatorially-mounted telescopes are almostcassity and al-
though Dobsonian telescopes can give fine views of doubis,ataing them for
measurement s not straightforward. Potential users ghoak at Chapter 22 where
Michael Greaney shows how to calculate position angle uasitns where the field
rotates. Whilst the grating micrometer (described by AadrMaurer in Chapter
14) is relatively insensitive to the lack of an RA drive thddieotation is an added
problem.

Resolution is ultimately dependent on aperture and altheugny of the most
interesting binaries are significantly closer than 1 arosddhe aperture available
to today’s observers is no longer limited to the small sibes were common about
30 or 40 years ago when the 12.5-inch reflector was the excemtiher than the
rule. These days no-one is surprised to see amateur obsep@rting 20, 30 or
even 40-inch telescopes and for those who thought thatctefiawere the required
telescope for double star observing Christopher Taylootiaar ideas.

In the last 10 years the CCD camera has become a dominantifoxeser-
vational astronomy. As both a positional and photometriecter it has excellent
applications in the observation of double stars and theBéwiidiscussed later by
Bob Buchheim. A particular application of CCD cameras, tifamaging very un-
equal double stars, has been carried out for many years bysJaaiey and he will
pass on his expertise in these pages.

Whilst filar micrometers were available commercially at tinee of the first edi-
tion, they are now more difficult to obtain. The main advaetigythat they are
effective up to the resolving limit of the telescope and do neguire software to
produce results.

Those with the larger apertures however should considesytaekle interferom-
eter as an alternative to the micrometer. With atmosphéfiects becoming more
significant with telescope size, the speckle camera canhpthrough the turbu-
lence and produce diffraction limit imaging. Nils Turnersdgbes how this can be
achieved at relatively low cost. An alternative technigueky imaging, takes ad-
vantages of moments of quiet air to capture good quality Bsag short exposures,
is described by Rainer Anton.

The availability of inexpensive and yet powerful persormhputers has brought
several other aspects of double star astronomy within rdehlatest static version
of the United States Naval Observatory double star catalog(dS 2001.0, is now
available on CD-ROM (the regularly updated WDS cataloguavilable on-line
only and incremental files can be downloaded to update thie stersion of the
catalogue. It is no longer necessary to measure the brigiistywhich appear in the
popular observing guides. With the WDS the more neglectéd pan be selected
for measurement and charting software makes finding evemtst obscure pair
much easier. The USNO have placed on their website sevetsabli neglected dou-
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ble stars which they would like observers either to confirndasble or to make
new measures. Many of the catalogues available on the WDRGBI-can also be
found on the CD-ROM available with this volume.

Orbital computation, once the province of specialists aam be done by anyone
but it is not to be taken lightly. Even if all the measures ofatigular system can be
rounded up it still requires an appreciation of the qualitthe observations and the
existence of systematic errors. How do you combine meafyré&druve in 1828
with those by van Biesbroeck in 1935 and speckle measures matb90? Per-
haps most importantly is a new orbit necessary and is youtsriiban any others?
Andreas Alzner has contributed two chapters on this impottapic.

Finally, what about the double stars themselves? As we hese, £urrent re-
search is pushing resolution to unprecedented limits bilhénmeantime who is
paying any attention to the 90,000 plus pairs in the Wasbim@ouble Star (WDS)
catalogue, the central repository for the subject? In paldi, who is watching the
southern binaries, many of which are being overlooked?dmntyg found four sys-
tems in the WDS catalogue which did not have orbits, one otwhiVelorum is
2nd magnitude. Its 5th magnitude companion was not obséovéd years and has
recently passed through periastron. Thanks to AndreaseAlpnbits for these pairs
have now been computed but confirming observations are alsdeul.



I'm extremely grateful to my colleagues who have contriblteeir expertise so
willingly in the chapters within: Andreas Alzner, Rainer #n, Graham Appleby,
Erno Berko, Owen Brazell, Bob Buchheim, Rafael Caballeameéls Daley, Michael
Greaney, Andreas Maurer, Jeremy Perez, Michael Ropole®bkistopher Taylor,
Tom Teague, and Nils Turner. | also thank Andreas Alzner Jaagh-Francois Cour-
tot for help in proof-reading. Needless to say, mine is thal fiesponsibility for any
errors which might escape the various proof-reading esesci

| also thank Gyorgi Vaskuti, Florent Losse, Rene Gili fortopdate informgation
on double star observation programmes in Hungary and France

My thanks are also due to Patrick Moore who first suggesteddi of this
volume and John Watson, Springer’'s Managing Editor who kas ery supportive
throughout the whole process.

Finally my wife Angela has not only had to contend with manwisoof my
sitting in front of the computer but has actively encouragesito 'get the thing
finished'.

Robert Argyle, Waterbeach, Cambridgeshire 2011 March
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Double stars are the rule, rather than the exception, indte seighbourhood
and probably beyond. Current theories of star formatiomtptmi multiple stars or
stars and planets as the preferential outcome of grawgtaiintostellar material.
Stellar pairs can be detected at many wavelengths from X-velyere modern satel-
lites can resolve the two brightest components of Castpafs¢ion 3.8 arc seconds)
to the radio where the precision of long baseline interfextyyncan also see the 4
milli-arsecond ‘wobble’ in the 2.87 day eclipsing systemAdfol and can distin-
guish which of the two stars is emitting the radio waves. Thegne in a wide
range of orbital sizes, periods and masses. From the nabisdtem alpha + KU
Lib where the stars are separated by almost one parsec arswiation is barely
perceptible, through the spectroscopic binaries withqosriof weeks, down to ex-
otic pairs like double white dwarf contact systems with pdsi of 5 minutes. From
young x-star binaries like NGC 3603 Al in the Large Magelta@ioud containing
two extremely bright and hot stars, of 116 and 89 solar madses to the snappily
named 2MASS J1426316+155701 a pair of brown dwarfs with esassly 0.074
and 0.066 times that of the Sun.

Separation (AU) 001 <1 10 50 100
Angular separation< 0”.001  ¢'.01 0'.02-0.03
Binary type
Eclipsing

Spectroscopic
Interferometric

close visual wide visual

Observation methods
Spectroscopy
Speckle
Coronography/adaptive optics

Direct imaging

In this volume we are concentrating on only one aspect, thegavidouble stars,
which we can define as those pairs which can be seen or imageteiascope of
moderate aperture. The classic image of the double stanayses a professional
scientist with a large refractor and a brass filar micromist@o longer valid. Re-
searchers can not afford to spend a lifetime measuring & laugnber of pairs in
order to get a few dozen orbits. The high precision astramsétellites, ground-
based interferometer arrays, and infrared speckle intarfetry have all helped re-
spectively to discover large numbers of new pairs, pushctuetection into the
spectroscopic regime with measurement of binaries witfogsiof a few days, and
to probe the near and mid-infrared where faint red and browarficompanions
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and, ultimately, planets appear. This has left a large nurobgvide, faint pairs
which are underobserved.

There has been a common perception that double star obgés\dither not very
interesting or does not afford any opportunities for usefulk. The aim of this book
is to dispel these views and indicate where observers megfuily direct their ef-
forts. At the basic level, we give advice about how to obs#neen with binoculars
and small telescopes. At a more serious level, chapterst abictometers, CCD
cameras, DSLR cameras and other techniques have beenddckar those who
do not wish to spend several hundred pounds on a filar micemtiet graticule eye-
pieces such as the Celestron Micro Guide available for ezt telescopes can
be used effectively for relative position measurement afewipairs, and for those
who find observing too taxing, astrometry of faint pairs cambne by examination
of some of the huge catalogues produced from the various f@tkorveys. Rafael
Caballero takes us through the means and facilities.

Clearly for the observer, the role of the telescope is veryartant. For casual
viewing any optical aid can give reasonable views of widelanght double stars. |
spent several years accumulating visual estimates of coimgnitudes, and relative
positions of more than 1,000 pairs using a 21-cm reflectargugvebb’s Celestial
Objects for Common Telescopes (Volume Il) and Norton’s 8téas (15th edition,
1964). Even in the Norton’s many of the measures given wene rihan 30 years
old and it was this that sparked an interest in obtaining agneter to bring them
up-to-date.

For those who wish to enjoy the glory and colours of doublessthis version
contains a welcome additional chapter by Jeremy Perez,wridisketch them.

On the whole, equatorially-mounted telescopes are almostcassity and al-
though Dobsonian telescopes can give fine views of doubis,staing them for
measurement is not straightforward. Potential users sHoak at Chapter xx where
Michael Greaney shows how to calculate position angle trasitns where the field
rotates. Whilst the grating micrometer (described by Aadr®laurer in Chapter
14) is relatively insensitive to the lack of an RA drive thddieotation is an added
problem.

Resolution is ultimately dependent on aperture and althangny of the most
interesting binaries are significantly closer than 1 arosddhe aperture available
to today’s observers is no longer limited to the small sibes wwere common about
30 or 40 years ago when the 12.5-inch reflector was the excemtiher than the
rule. These days no-one is surprised to see amateur obsep@rting 20, 30 or
even 40-inch telescopes and for those who thought thatctefiawere the required
telescope for double star observing Christopher Taylootiaar ideas.

In the last 10 years the CCD camera has become a dominantifoeser-
vational astronomy. As both a positional and photometriecter it has excellent
applications in the observation of double stars and theBdowiidiscussed later by
Bob Buchheim. A particular application of CCD cameras, tifalmaging very un-
equal double stars, has been carried out for many years bgsJaaley and he will
pass on his expertise in these pages.
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Whilst filar micrometers were available commercially at tinee of the first edi-
tion, they are now more difficult to obtain. The main advaetégythat they are
effective up to the resolving limit of the telescope and do meguire software to
produce results.

Those with the larger apertures however should considesytaekle interferom-
eter as an alternative to the micrometer. With atmosphéfiécts becoming more
significant with telescope size, the speckle camera canhpthrough the turbu-
lence and produce diffraction limit imaging. Nils Turnersdgbes how this can be
achieved at relatively low cost. An alternative technigueky imaging, takes ad-
vantages of moments of quiet air to capture good quality @saig short exposures,
is described by Rainer Anton.

The availability of inexpensive and yet powerful persormhputers has brought
several other aspects of double star astronomy within r8dehlatest static version
of the United States Naval Observatory double star catalog(DS 2001.0, is now
available on CD-ROM (the regularly updated WDS cataloguavelable on-line
only and incremental files can be downloaded to update thie stersion of the
catalogue. It is no longer necessary to measure the brigistywhich appear in the
popular observing guides. With the WDS the more neglectéd pan be selected
for measurement and charting software makes finding evemtst obscure pair
much easier. The USNO have placed on their website sevetsabli neglected dou-
ble stars which they would like observers either to confirndasble or to make
new measures. Many of the catalogues available on the WD®GBI-can also be
found on the CD-ROM available with this volume.

Orbital computation, once the province of specialists aam be done by anyone
but it is not to be taken lightly. Even if all the measures ofatigular system can be
rounded up it still requires an appreciation of the qualitthe observations and the
existence of systematic errors. How do you combine meafyr&iruve in 1828
with those by van Biesbroeck in 1935 and speckle measures matb90? Per-
haps most importantly is a new orbit necessary and is youtsriiean any others?
Andreas Alzner has contributed two chapters on this impottapic.

Finally, what about the double stars themselves? As we hese, £urrent re-
search is pushing resolution to unprecedented limits bilhénmeantime who is
paying any attention to the 100,000 plus pairs in the WasbmBouble Star (WDS)
catalogue, the central repository for the subject? In galdr, who is watching the
southern binaries, many of which are being overlooked?dmtyg found four sys-
tems in the WDS catalogue which did not have orbits, one otiwhiVelorum is
2nd magnitude. Its 5th magnitude companion was not obséové® years and has
recently passed through periastron. Thanks to AndreaseAlpnbits for these pairs
have now been computed but confirming observations are aksdeul.






Chapter 1
More than one Sun

1.1 Introduction

On a clear, dark night several thousand stars can be seep@tatime. They form
familiar patterns such as the Great Bear and Cygnus in titherarhemisphere and
Scorpio and Crux in the south. The distances are so greawihaee the constel-
lation patterns essentially unchanged from those seenedfitlsient Egyptians for
instance. This is partly due to the fact that some of the bstdrs in constellations
are in what are called moving groups - a loose associatiotacs smoving through
space together. More tightly bound are clusters of star aa¢he Pleiades or 7 Sis-
ters which appears in the northern sky in the late summemtaeaély the moving
groups and clusters of stars will gradually disperse bexthes distance between
the stars is such that the gravitational attraction betvieermembers is relatively
weak.

Those with keen eyes will be able to see some close pairsrsfsitnout optical
aid. The most famous is Mizar and Alcor in the tail of the GrBatr. The first
recorded ‘naked-eye’ pair is ? Sgr which was mentioned bydiles Ptolemy in
his famous Almagest catalogue of circa 140 AD. It is desctifl§ as ‘The star in
the middle of the eye (of Sagittarius) which is nebulous aodbde’. The angular
separation of this pair is 13 arc minutes, or about the sapa&raton as Mizar and
Alcor. As a comparison, the apparent diameter of the Full MisB0 arc minutes.

1.2 Relative positions in visual double stars

The separation is one of two quantities needed to fully diesthe relative position
of double stars, the other being the position angle. Withhktighter of the two
stars being taken as the origin, the separation is defindueaangular distance in
arc seconds between the two stars and the position angkelietring of the fainter
star from the brighter in degrees with north being taken asfdeks, E is 90 degrees
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and so on (Fig 1.1a shows the situation for the naked eye avwtliars). When a
telescope is used the view is inverted so Fig 1.1b appliesésdopic views.)

Fig 1.1a Naked eye and binoculars Fig 1.1b Telescopic view

Itis usual to represent separation by the Greek lettergharfd position angle by
the Greek letter thetad). These terms will be used throughout this book. Another
common term isAm which is shorthand for difference of magnitude between the
primary and secondary stars. Unless otherwise stated tigaitudes in this book
will be visual. The fainter of the two stars is sometimesexhiihe comes, a Latin
word meaning companion.

1.3 Naked eye limits

In the case of the human eye, the closest pair of stars whith&aeen unaided de-
pends on the diameter of the pupil. This, in turn, depend&efighting conditions
and when fully dark-adapted the pupil may be 6 or 7mm in diametuggesting
that the limit of resolution from the Airy formula (see Chapi.0) is about 20 arc
seconds but the presence of aberrations in the eye and tHeglavevels from the
night sky conspire to reduce the effective resolution toual2cb arc minutes.

In practice a normal pair of eyes should be able to see the@tand6? Tauri at
5.5 arc minutes without difficulty and some may be able to ntake! ands? Lyrae
at 3.6 arc minutes, greatly. Ability to resolve naked-eyegtends to deteriorate
with age and younger eyes will probably do better, althougttiice undoubtedly
enhances keenness of vision. Sight, like hearing, or anfieofite senses, can be
improved with experience .Table 1 contains a short list @htrwide, pairs which,
it is suggested, can be used as a test of naked eye resolwiregg.do some of the
cases, both stars have a Bayer letter or Flamsteed numbénieselare used as the
main identifier. The positions are given for equinox 200@Ibfved by the date of
the most recent measure, the visual magnitudes of bothastdrthe position angle
and separation of the pair. Most of these pairs are the sestitthance alignment.

1.4 Optical pairs

Optical double stars are simply formed due to line-of-sighihcidence. They are
usually widely separated>(5 arc seconds or so) and the proper motions, or the
individual motions in right ascension and declination, atle component, across
the sky, are significantly different. In addition, the stars usually unequally bright
reflecting the difference in distances but this by itself & a criterion. A good
example i®) Herculis where the two stars were separated more thaat3fiscovery

by the elder Herschel in 1779, they closed up to ab&.8 B 1964 and are now at
12" and widening (Fig 1.2a). Such pairs are usually of no direigrgific interest

to astronomers but can produce some fine sights in smalttgles. The stars id
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Herculis are, for instance, pale yellow and blue in colout #re primary is about
24 parsecs distant. Little is known about the companion.

Fig 1.2a The proper motion a@f Herculis. Measurements of the position angle
and separation of star B with respect to A over many years shtioswelative motion
between the two. Fig 1.2b shows the real situation with staroving towards PA
187 at a rate of 0.159 per year whilst B moves towards PA 2% 0’.117 per
year.

Table 1.1 Some naked-eye double stars

RA 2000 Dec 2000 Pair Epoch PA)( Sep() Va Vb
0318.2 -6230 { Ret 2003 217 309.2 5.24 5.33
0425.4 +2218 K Tau 2002 174 339.7 4.21 5.27
0428.7 +1552 6 Tau 2002 348 336.7 3.40 3.84
0439.3 +1555 o Tau 2008 194 436.3 4.67 5.08
0718.3 -3644 Jc 10 Pup 1997 98 240.1 4.65 5.11
1208.4 -5043 d Cen 1999 325 269.1 2.58 4.46
1450.9 -1603 a Lib 2002 315 231.1 2.75 5.15
1622.4 +3348 v CrB 1998 164 360.8 5.20 5.39
1844.3 +3940 € Lyr 2009 172 219.2 4.59 4.67
1928.7 +2440 6 -8 Wul 2008 28 427.3 4.44 5.82
2013.6 +4644 31+32 Cyg 2008 325 333.8 3.80 4.80
2018.1 -1233 a Cap 2002 292 381.2 3.80 4.20

1.5 Telescopic pairs

Whilst binoculars, particularly the image-stabilisedigar (see Chapter 3) can show
literally hundreds of double stars the use of a small telgsowill considerably
increase the number of pairs of stars that can be seen. lakdses the user to see
stellar colours more easily. In a 90-mm telescope, most efctbsest pairs than
can be seen are binary pairs - the two stars are physicaliyeoted by a mutual
gravitational bond - and they rotate around the common eaftgravity in periods
ranging from a few tens to a few millions of years.

1.6 Binary stars

1.6.1 Visual binaries

In the case of physically connected pairs of stars what tlsemer sees when he
plots the position angle and separation of the pair over aheniof years is a curve.
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If followed for the whole orbital period the result would be allipse - this is the
apparent orbit, in other words, the projection of the trugitaynto the plane of the
sky. With a small telescope, hundreds of binary stars carbBerged and of these
the more nearby pairs offer the best chance of seeing theabnition over a few
years. Estimates of separation can be made in terms of theetBa of the apparent
disk of the brighter component which can be calculated fgrtatescope aperture
using the Airy formula in Chapter 10. Position angle can béreged to perhaps
the nearest 5 or 10 degrees by eye by allowing the pair in iumetst drift through
the field at high magnification with the driving motor stopped

True (and apparent) orbits come in all shapes and sizes froolar to elongated
ellipse but the tilt of the orbital plane can also vary fromdgrees (in which the
plane is in the line of sight) to 0 degrees in which we see thé tace-on. To de-
scribe the real orbit fully requires 7 quantities of whicltegtricity and inclination
have just been explained. In the ellipse, the time at whiehilo stars are closest is
called periastron (similar to perihelion when the Earthaamest the Sun). The other
values are the orbital period in years (the time taken batvgeecessive arrivals by
star B at the periastron point and three values which destisize and orientation
of the orbit which are described fully in Chapter 7. The motid star B around A
follows Kepler’s Laws and in an exact analogy with the solgtem, the mass of
both stars is related to the size of the orbit and the orbéebygl.

Fig 1.3a The visual binary 12 Lyncis. p = 706 years, e = 0.03abit inclined
at 2 to the plane of the sky. Fig 1.3by- Virginis, P = 169 years, eccentricity =
0.89, inclined at 32to the plane of the sky. The radius of the central circle iat#is
the Dawes limit for a 20-cm aperture. 12 Lyncis is therefdveags visible in this
aperturey Virginis closed to less tharf’®4 in early 2005 but is now widening rapidly
and will need only 8 to 10-cm for the forseeable future.

Fig. 1.3 gives an example of two well-known visual binar@sntrast the orbital
motion in both pairs by comparing the positions at 1950, 289d)2050.

To measure the total mass of both stars requires the apeaibétrto be defined as
accurately as possible. This can be done by measprargi6 at differenttimes, for
as much of the orbit as is practical. (Long periods will mdeat bnly a preliminary
orbit can be obtained). There are measuring techniquesimiugakinds which can
be employed to accurately measure the relative position afi@to determine the
values ofp and 6. Later in this book the various methods that are availabla¢o
observer are mentioned in more detail.

For visual binaries, observations of the apparent orbidda the determination
of the true orbit from which we can derive the sum of the masseterms of the
solar mass, provided that the parallax is known. The astiriersatellite Hipparcos
has been instrumental in providing parallaxes of high eamoyfor a large number
of binary stars.

Once we know the apparent orbit of a visual binary, we cahgfgarallax of the
system is also known, obtain the sum of the masses of theisttlie system via
Kepler’s third law:
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where a is the semi-major axis of the apparent ellipse saisdhe parallax. Both
are in arc seconds and P is in years. The mass sum is then giugits of the sun’s
mass.

To obtain the individual masses requires defining the appandbit for each
component by measuring its position with time against thekgeound field stars.
The apparent orbits are identical with the relative sizésrdgining the ratio of the
masses, the primary star being the most massive, tracelesirtaller ellipse (see
Fig 7.1). Unfortunately this method only applies to a smalier of wide, nearby
pairs which can be resolved photographically throughaeititit.

Combining (1.1) and (1.2) allows us to get the mass of eactpooient.

The USNO 6th Catalogue of Orbits(2) contains more than 1gckits of which
1,xxx refer to pairs resolvable by conventional techniqu@isthese orbits, about
4grade 1, the longest period being that of 70 Oph at 88.38yéd&able 1 shows
the distribution of the 5 main orbit grades (Sept 2010). Tiglwut this volume
reference will be made to the 5th and 6th editions of thislogtee. The 5th edition
is available from the USNO on CD-ROM ? (see the appendix)sttiie 6th is the
dynamic version which is regularly updated but a copy of W@ssion appears on
the CD-ROM accompanying this book.

Table 1.2 Distribution of orbit quality in the USNO Sixth Orbit Catajoe

Grade Category Longest period No. pairs % of catalogue
Definitive 88.38 61 3.6

Good 206 238 141

Reliable 540 370 219

Preliminary 4277 527 31.1
Indeterminate 6675 497 29.3

1.6.2 Spectroscopic binaries

These are stars which appear single in all telescopes hutatwpectroscope on
them and the spectral lines are observed to shift periddiedth time due to the
Doppler shift as the stars approach and then recede frombthereer. The lines
merge when the stars are both moving across the line of digkte are two main
types. When the stars are of similar brightness then twoodesisectral lines can be
seen particularly when one star is moving towards us andttier & moving away.
These are called double-lined systems. When one star is imighter than the
other then only the spectral lines the bright star can be geamove periodically.
This is called a single-lined system. Spectroscopic basahiave periods ranging
from hours to a few tens of years. In a few rare cases they sarbalresolved using
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speckle or ground -based interferometry. Such systemsrgrertant as they allow
many characteristics of the component stars to be detedmine

1.6.3 Astrometric binaries

Again, these are single objects in all telescopes but réerlduplicity by the effect
that the unseen companion star has on the proper motion dratiig/erse motion
of the star against the background of fainter stars. Thisanatill be constant for
a single star but the presence of a companion constantly palthe primary star
and the effect is to observe the star ‘wobble’ across the 3kyjs was first noticed
by Bessel in the proper motion of Sirius - some 3.7 arc secenely year and large
enough to be seen by regular measurement with respect teiglebouring stars.
Bessel rightly attributed the periodic wobble of Siriushie presence of an invisible
but massive companion. In 1862 Alvan Clark saw Sirius B far finst time thus
confirming Bessel's prediction.

1.7 Multiple stars

Less common in the telescope, but more spectacular and s@el#ting out are the
multiple stars. Systems lik®@ Mon, with its 3 pure-white gems within 7 arc seconds,
{ Cancri, of which more later, andCas (yellowish, bluish and bluish, according to
Robert Burnham).

If multiple stars are to be stable over a long timescale they heed to follow
a certain hierarchy. In the case of a single star orbitingpaecpair, the ratio of the
orbital periods of the outer star around AB to that of the morbit AB is usually
at least 10:1. This appears to apply from periods of aboud8 dp to thousand of
years.

Quadruple stars, of which the most famous is the 'doublebtiepsilon Lyrae
can be ordered in two ways. Firstly, as in epsilon’s casagthee two pairs each
orbiting the common centre of gravity. Alternatively, a tdeistar is orbited by a
distant 3rd star and then even more distantly a fourth stelesithe whole group.

Systems of higher multiplicity are known - perhaps the mastdus is the sextu-
ple system Castor, which is described in more detail in Giv#htA recent catalogue
of multiple stars(3) lists 626 triples, 141 quadruples, @htuples and 10 sextuples.
The existence of two systems thought to be septuple (? SeoiAR Cas) awaits
confirmation of further suspected components.

The Trapezium, which to a small telescope user is four stauseelded in the
Orion Nebula, is the prototype of another sort of multipkerstt is not strictly or-
dered like the quadruples such as epsilon Lyrae, but is méwese aggregation
and can be regarded more as a small star cluster than a rawtgl as such. It is
not any the less beautiful for this and seen against the gipgieen background of
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the nebula, on a cold winter’s night in a good telescope ihis of the sky’s most
spectacular sights.

1.8 History of double star observation

In 1610 the invention of the telescope by Galileo graduatyto the discovery of
telescopic double stars but these were noted merely by thelwd 617 Castelli
found that Mizar was itself double(4) and he later added a rigave pairs. In
1664 Robert Hooke was observing the comet discovered bylidewehen he came
acrossy Arietis, a pair of pure-white stars of the 4th magnitude satea by some
8 arc seconds.

Table 1.3 The first ten telescopic double star discoveries

Pair Discovery By

{ UMa 1617 Jan Castelli

B Mon 1617 Jan 30 Castelli

6 Orionis ABC 1617 Feb Galileo

B Sco 1627 Castelli

y Ari 1664 Hooke
Castor 1678? G. D. Cassini?
{Cnc AB-C 1680 Mar 22 Flamsteed
a Crucis 1685 Fontenay
a Centauri 1689 Richaud

y Virginis 1718 Bradley

Over the next one hundred years or so a few more double staesneted but
not catalogued in any determined manner, but this was togehaien the Rev-
erend John Michell first suggested that double stars weremeaotly a line-of-sight
effect but that the two components really revolved arourth @her under a mutual
gravitational influence, implying that Newton’s Laws ajgglito objects outside the
Solar System. In Philosophical Transactions for 1767, Mickays “ ... it is highly
probable in particular, and next to a certainty in genehalt such double stars, &c,
as appear to consist of two or more stars placed close tagdtheesally consist of
stars placed near together, and under the influence of sonezajéaw, whenever
the probability is very great, that there would not have baey such stars near
together, if all those that are not less bright than thenesehad been scattered at
random throughout the whole heavens”.

A small catalogue of double stars was compiled in 1780 bystian Mayer of
Mannheim (5) but the next great step was taken by William efesswho turned
his unprecedently powerful telescopes on many bright stdfied that even at high
power, some stars appeared as very close pairs. In an attemptasure stellar
parallax, Herschel argued that in unequally bright, clagiesfoy measuring the po-
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sition of the faint (hence distant and fixed) star with resp@the bright (or nearby)
star he should be able to measure the parallactic shift amcehtee distance of the
latter. This idea he attributes to Galileo. To prove this bedufilar micrometers of
his own construction to measure the position of the fairt@r with respect to the
brighter. However, instead of seeing a 6 monthly 'wobblethe position of the
bright star with respect to the faint, Herschel found thatréiative motion between
the two stars was curved and could only be explained if thes stare revolving
around a common centre-of-gravity. He had proved that pisgars existed but the
mathematical confirmation came six years after his deatt828, when the French
scientist Savary used the pdilUMa (which Herschel had discovered) to show that
the apparent orbit of the fainter star around the brightssuming the latter was
fixed) was an ellipse.

The significance of this work was that it gave an estimate fierratio of the
stellar masses in a binary star system. This resulted in & grgetus in the vi-
sual observation of double stars and over the next 50 yea&s imany rich amateur
astronomers in Europe dedicated time and money to makingpmetric measure-
ments, or paying someone to do it for them. Dawes, in England,particularly
Baron Ercole Dembowski, in Italy, and others flourished bitih@ut the excitement
of discovery the work lost momentum and became largely tidasble by the turn
of the century.

In 1857 when Bond firstimaged Mizar with the Harvard 15-inetactor the ad-
vantages of photography for double star astronomy werenmaisidiately realised,
partly because the resolution obtained initially did némalmuch work to be done
in the orbital pairs of relatively short period. For thosight pairs where the separa-
tion was such that both components could be imaged at a#i pathe orbital cycle
such as 70 Oph, it was possible to determine individual nsafssen the size of the
apparent ellipses that each star traced out against thar sietkground. It was not
until the middle of the last century that observers such delfviLuyten, Peter van
de Kamp and Wulff Heintz used photography much more purpdigef uyten, in
a long career, found many pairs of stars with common propeiomaindicative of
orbital pairs but with a long period. van de Kamp concenttate those systems
where the only evidence of duplicity was a periodic wobblediright star with
respect to the background, indicating a faint and close bnétheless significantly
massive companion star.

1.9 The Great Era of Discovery

From 1870 or so when the American astronomer S. W. Burnhathsfaged in dou-
ble star astronomy a golden period for discovery opened dgantinued for about
80 years, first in the northern hemisphere and latterly instheh. The largest re-
fractors in existence were used in systematic surveys oBEhstar catalogues by
R. G. Aitken and W. J. Hussey in California (they discovergtDd pairs between
them) and some years later by R. T. A. Innes, W.H. van den Bo$\ars. Finsen at
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the Republic Observatory, Johannesburg (5,000 disc®)eaied Rossiter and col-
leagues at the Lamont-Hussey Observatory at Bloemfonte@®0 discoveries) in
South Africa. When the latter retired in 1952 it was not lorgdoe P. Couteau and
P. Muller in France began to search for new pairs again, iigidp the northern
heavens with Couteau tackling the zones from*+b7/+52 and Muller surveyed
the zones near the north pole. They were remarkably suctessf Couteau’s list
now exceeds 2700 new pairs whilst Muller found more than A@f@litionally, W.
D. Heintz found 900 new pairs, most of them in a zone closeéacetfuator and in
the southern hemisphere.

1.10 Modern techniques

Although it was proposed by Albert Michelson almost a huddrears ago, stellar
interferometry is today even more important as a means efrehing the dynam-
ics of binary stars as it was then. Michelson’s idea led todbestruction of an
interferometer for the 100-inch reflector on Mount Wilsorilie 1920’s, consisting
of a 20-foot structure with flat mirrors at each end mountethattop end of the
telescope tube.

This instrument uses the interference of light to determihether a bright single
star is either extended i.e. its diameter is resolvableaEduwth or a close double.
By combining the light from each of the two small mirrors arfjusting the sepa-
ration of the mirrors until the fringes thus formed combiireduch a way that they
cancelled each other out then the separation of the two coemts could be found
from the separation and the position angle from orientatiotne fringes. With so
little light available only bright stars could be measured.

In 1925 Frederick Pease(6) first resolved Mizar A using thjigigment. It was
also used for observations of extended sources such agitepergiant Betelgeuse
meant that the diameter of the star could be determined.r@thes measured in-
cluded the binary system Capella which turned out to have@araéon of between
0.03 and 0.05 arc seconds and a period of 104 days.

In the 1970’s double star observation underwent a revolutiith the invention
of speckle interferometry (see Chapter xx). This technigftectively removes the
effect of the atmosphere and allows telescopes to operéte wiffraction limit. In
the case of the 4-metre reflectors on which it was used, thiregponded to about
0”.025 or about 4 times closer that Burnham or Aitken could meadn addition
the accuracy of this method was much greater than visualunesand since then it
has proved its worth by discovering new very close and raipiaries and improving
the older visual orbits.

The launch of the Hipparcos satellite in 1989 also heraldeevaera of double
star discovery. Operating high above the atmosphere ftsletiectors found some
15,000 new pairs, most of which are difficult objects for dntellescopes but a
number have already been picked up in very small apertures.
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1.11 The Future

Where does double-star observation go next? In the imnesfiliaitre it will be from
the ground where a number of specially-built optical arnajlsbe operating over
the next few years.

At Cambridge in the UK, the COAST (Cambridge Optical Apeet@ynthesis
Telescope) 5 mirror interferometer has been working foresgaars with a current
baseline of 48 metres and plans to extend this to 100 methés.iSan extension
of the Michelson instrument at Mount Wilson. By using morenaiis and using the
Earth’s spin to rotate the instrument with respect to theat&ronomers have used
phase closure, a technique first used in radio astronomyfdotigely image the
structure of stars such as Betelgeuse.

COAST has easily resolved the bright spectroscopic binape@a, whose com-
ponents are about 50 mas apart. Another such instrumeNRo&¢ (Navy Prototype
Optical Interferometer) using 50 metre baselines in Arzbas resolved spectro-
scopic binaries such as the brighter component of Mizargtkmown to have a
period of 20.5 days, the NPOI can detect and measure theidndivstars even
though at closest approach they are only 4 milliarcsecands) apart (see Fig 9.1).
The combination of the NPOI data and the spectroscopic datgige very accurate
values for the size of the orbit, the parallax of the systedhtha individual masses,
and radii of each component.

The CHARA Array is a six-element, optical/IR interferometecated on Mount
Wilson, in Southern California. Baselines range from 34areall the way to 330
meters. Currently, there are four beam combiner instrusne@otking in the IR: 1)
CHARA Classic, a two-beam, open-air combiner working at H &h having an ul-
timate sensitivity of about 8.5 magnitudes at K’; 2) CLIMBthaee-beam, open-air
combiner working at H and K’, having an ultimate sensitiviiyabout 7.5 magni-
tudes at K’, and capable of measuring 3 baseline visitsliied one phase closure in
a single observation; 3) FLUOR, a two-beam, fiber-injecheam combiner work-
ing at K’, having an ultimate sensitivity of about 5 magniésdat K’; and 4) MIRC,
a four-beam (soon to be six-beam) combiner working at H,rigasin ultimate sen-
sitivity of 4.5 magnitudes at H, and capable of measuringosigeline visibilities
(soon to be 15) and three independent phase closure measse{soon to be 10)
in a single data sample. Also, there are two beam combinguments working in
the visible: 1) VEGA, a four-beam combiner working at H-apl656nm), having
an ultimate sensitivity of 6 magnitudes at V in the coarsesblution, and capable
of measuring six baseline visibilities and three indepeb@base closure measure-
ments in a single data sample; and 2) PAVO, a three-beam ocemborking at R
and I, having an ultimate sensitivity of 8.5 magnitudes aai] capable of measur-
ing three baseline visibilities and a single phase closueesingle observation. We
are in the process of commissioning CHAMP, a six-way, K-bfimgje tracker for
MIRC which will increase the sensitivity of MIRC by about 3 grdtudes. CLIMB
can also be used to track fringes for VEGA and PAVO, which,levhit increas-
ing sensitivity that much, can decrease significantly thewamhof time required for
observation.
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SUSI (Sydney University Stellar Interferometer is loca28ckm west of Narrabri
in New South Wales, the site of an earlier experiment in isitgrinterferometry by
Hanbury Brown and Twiss. The present instrument is opraaint60 metre base-
lines but hardware is planned to expand this to 640 metresturd. The re is a
PAVO beam combiner similar to that used at CHARA and it is etpe to rach
magnitude 7 in 10 wavelength cahnnels simultaneously. iRezapers have dealt
with the orbit and masses of the binary star delta Scorpii @rgkrvations of the
pulsations of the Cepheid | car.

A most eagerly anticpated development will be the use of thiéBtelescopes
as an interfermometric array. In the meantine the thrediankil.8-metre outrider
telescopes have been combined to yield information onastelapes and binary
orbits. A recent serendipitous observation of sigma Pu@{ix59717) revealed the
spectroscopic binary companion which eclipses the K5ihpary every 258 days.
The companion which is 5 magnitudes fainter was found 11 risdard.

Keck

Combining the two 10-metre telescopes has been

Peter Lawson’s website(7) covers all the current interfester projects and has
links to the historical ones.

The greatest contribution to the discivery of new binarysstaill come from
space. The GAIA mission, which is not due to fly until about 2@ expected to
find tens of millions of new double stars. For the resolvedsydine magnitude dif-
ference is important. Equally bright pairs (j15th mag) wibbably be (completely
resolved at 10 mas, while a 20th magnitude companion wousgbe only at some
50 mas. Closer pairs will be observed by their photocenngsin the 'favourable’
period-range 1-10 years, a large proportion of them willehtineir astrometric or-
bits determined. This will be possible for photocentricibdizes below 1mas, at
least for the brighter systems. Bright (agail5th mag.) shorter-period systems
(days/months) will be observed by the radial-velocityinstent (at 0.1 mas sepa-
ration), and millions of (mainly even shorter-period) psing binaries will be ob-
served photometrically.
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Chapter 2
Why observe double stars?

Bob Argyle

2.1 Introduction

Like many branches of astronomy, the observation of douhles £an be appreci-
ated at several levels. For those who enjoy the night skyblémtars offer some of
the most attractive sights around and they are particugartyd in small telescopes
where the colours are much more obvious. For a good list ofrtbst impressive
pairs, consult the list of 100 best pairs on the Astronomligglgue Double Star
Club website (1) or lists of pairs in Sky & Telescope and ofbarnals (2-8).

Some observers use double stars as a test object to see windekbscope is
capable of in terms of angular resolution. Tables 2.1 to 2I6w give a range of
test pairs for both binoculars and telescopes with a rangpeftures from 9-cm to
60-cm.

A few observers, find double stars to be so endlessly fasomtitat they wish to
make to useful contributions to the subject. This may be bkingameasures gb
and 6 for the binary systems using a micrometer, doing photontrwyider pairs
with a CCD camera or calculating orbits from the observedtipos. The majority
of this book will be dedicated to the description of such téghes and opportunities
for useful work are discussed further in Chapter 19.

2.2 Colours

Much has been written on this subject and it will continue xereise fascination
amongst observers. It is perhaps the most compelling reabgmeople observe
double stars. Although watching the stars swing around tingge orbits over the
years can also be interesting, it does not strike with theesammediacy.

Here some optical aid makes all the difference. With the dadee few colours
can be ascertained. The contrast between the reddisheoietglgeuse and the
white Rigel in Orion can be seen and the deep red of Antardsiobr stands out
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18 2 Why observe double stars?

but none of the more subtle colours visible in telescopegsapolours tend to be
much easier to see when some optical aid is used for a numbeasdns. Firstly,
there is more light incident on the eye, and the cones whielsanall receptors in
the eye which detect colour, can be more easily stimulatedt,Nf the telescope is
then deliberately defocussed, the star colours become pnominent. The reason
for this appears to be psychological in origin. Thirdly,rstalours become more
intense when contrasted with other stars of different hiresome double stars
such as iota Cancri the companion (distant 30 arc secongspapblue alongside
the orange-yellow of the primary star. Yet the spectral ypeG7 and A3 indicate
that the secondary star should be white and it is simply tinérast with the primary
which gives the star its blue colour. In alpha Herculis, tbmpanion which is less
than 5 arc seconds away is distinctly green although noesisiglrs of this colour
are known to exist. (Some observers have reported that Bietae is green or pale
green but Robert Burnham who mentions this in his Handbdakes that the star
is white). It might be interesting to see how the contrasta@ff/aries as the distance
between the two stars in a double star system, for stars dasiyrdifferent spectral
types and brightnesses.

Fig 2.1 A CCD image of Albireo § Cygni) taken from Australia by Steve
Crouch, the separation is'3Z. N is at the bottom, east to the right

Whilst a telescope enhances the colours in double sta iarge an aperture
is used as James Mullaney (9) pointed out some years agajrqodoception is
made more difficult. This can be partly explained by the faet the smaller tele-
scope produces a larger diffraction disk and the eye is m@eeptible to colour in
extended images than in point sources.

Colours can be determined in a more systematic manner thaydgstimates
which are affected by personal equation. One method is #odalour slides of dou-
ble stars and project the resulting images against a conmigravailable colour
chart (such as the Macbeth Color Checker) to determine tlweicof each com-
ponent. Such a project was carried out some years ago by @,dealiby Joseph
Kaznica and others (10) at the Mount Cuba Observatory invi2aia.

2.3 Tests of resolution

2.3.1 Binocular tests

Before the appearance of the stabilising binoculars it uedae thought that the
best resolution available with the standard pair of 7 x 5@butars was around 25
arc seconds. The limiting magnitude also improves with thle fieing more stable
and again it would be most interesting to see what the limihee instruments is.
Table 1 lists a number of test objects.
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2.3.2 Resolution tests for binoculars

The following table gives a list of 50 double stars that ariéakle tests for image-
stabilised (and other) binoculars. The pairs have beeteelédrom the WDS with
the criteria that the magnitudes should both be brighter &8 and the separations
lie between 8 and 25 arc seconds. The pairs are well distdbaitound the sky so
a number of them will be visible at any time of year. The posis are given for
J2000 and the position angle and separation (in degreesrarsmbeonds respec-
tively) refers to the date given in the previous column. Insintases the motion is
very small but a number of these pairs are binary and areateticby an asterisk
(*) after the catalogue name. The magnitudes are visual angedrom the WDS.
The components AB refer to the brightest two stars in a melsgstem - no com-
ponents given means that the given pair is a double only. frexplanation of the
catalogue names, see Chapter 24.

2.4 Resolution tests for telescopes

The following tables present some test of resolution fagebpes of apertures rang-
ing from 90-mm to 60-cm. These pairs are chosen because pipeaato be mov-
ing fairly slowly at the present time and the following listaild be accurate until
about 2005. The pairs are chosen from the CHARA 4th catalofimeerferometric
measures (11) and the values given below are for the epoch@0lhe complete
Catalogue is available on the CD-ROM.

The closest pair in each list corresponds approximatelyg¢oCiawes limit for
that aperture (24D in cm) although the magnitude of both components varies so
that the fainter and more unequal pairs will be more diffitalresolve than the
bright equal pairs of similar separation.

Note that these lists are merely suggestions for testimgtepe objectives and
test objects should not be selected rigorously from onetddésolution depends,
after all, not only on the collimation and quality of the aysti but the state of the
atmosphere. Itis most likely that the last word on any attsrtgoresolve close pairs
will be had by the seeing so attempts should be made when phrads conditions
are suitable.

2.5 References

(1) Astronomical League (http://www.astroleague.cofj/al

(2) Mullaney, J. & McCall, W, 1965 Nov., Sky & Telescope, Thiaést Deep-
Sky Objects, 280.

(3) Mullaney, J. & McCall, W, 1965 Dec., Sky & Telescope, Thadst Deep-
Sky Objects I, 356.
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Table 2.1 Resolution tests for binoculars

Catalogue Comp RA(2000)Dec  Date PA Sep Va Vb

STF 3053 AB 00026+6606 2007 70 15.0 5.96 7.17
STF 60* AB 00491+5749 2009 322 131 3.52 7.36
STF 100 AB 01137+0735 2009 63 255 5.22 6.15
H258 01590-2255 1998 303 8.5 7.28 7.56
STF 205 A-BC  02039+4220 2009 63 9.5 231 5.02
STF 239 02174+284 2006 212 13.8 7.09 7.83
Pz 2 02583-4018 2009 91 8.4 3.20 4.12
STF 401 03313+2734 2008 269 11.3 6.58 6.93
STF 550 AB 04320+5355 2009 308 10.3 5.78 6.82
STF 590 04436-0848 2007 318 9.2 6.74 6.78
STF 630 A-BC  05020+0137 2007 53 13.7 6.50 7.71
STF 688 05193-1045 2008 95 10.6 7.52 7.55
STF 872 AB 06156+3609 2007 216 11.4 6.89 7.38
DUN 30 AB-CD 06298-5014 1999 312 11.9 5.97 7.98
HWE 13 06358-1606 1991 296 12.6 7.38 7.51
STF 948 AC 06462+5927 2009 308 8.9 5.44 7.05
STF 1065 07223+5009 2005 255 14.9 7.51 7.67
HN 19 07343-2328 2007 117 9.7 5.82 5.85
STF 1122 07459+6509 2005 186 14.9 7.78 7.80
STF 1245 AB 08358+2009 2009 25 10.0 5.98 7.16
STF1315 09128+6141 2000 27 24.7 7.33 7.65
SHJ 110 AC 10040-1806 2008 274 21.2 6.22 6.97
DUN 97 AB 10432-6110 1998 175 12.4 6.59 7.88
BSO 6 11286-4240 2009 164 13.9 5.13 7.38
DUN 117 AB 12048-6200 2000 149 22.7 7.40 7.83
STF 1627 12182-0357 2008 195 19.9 6.55 6.90
STF 1694 12492+8325 2008 326 21.0 5.29 5.74
STF 1744 AB 13239+5456 2009 153 14.3 2.23 3.88
STF 1821 14135+5147 2009 235 13.3 4.53 6.62
HJ 4690 Aa-B  14373-4608 2002 26 19.6 5.55 7.65
STF 1919 15127+1917 2008 10 23.2 6.71 7.38
LAL 123 AB 15332-2429 2007 301 9.0 7.02 7.00

Pz 4 15569-3358 2007 47 10.6 5.09 5.56
H37 AC 16054-1948 2008 21 14.2 2.59 4.52

DUN 206 AC 16413-4846 2002 265 9.5 5.71 6.76
STF 2202 AB 17446+0235 2009 93 20.7 6.13 6.47
STF 2273 AB 17592+6409 1999 283 21.3 7.31 7.63
SHJ 264 AB-C 18187-1837 2009 52 16.9 6.86 7.63
STF 2417 AB 18562+0412 2009 103 23.0 4.59 4.93
STF 2474 Aa-B 19091+3436 2008 263 16.0 6.78 7.88
STF 2578 AB 19457+3605 2008 125 14.9 6.37 7.04
SHJ 324 20299-1835 2009 237 23.2 5.91 6.68
STF 2727* 20467+1607 2009 266 9.0 4.36 5.03
STF 2769 21105+2227 2009 300 18.0 6.65 7.42
STF 2840 AB 21520+5548 2007 196 17.7 5.64 6.42
STF 2873 AB 21582+8252 2008 67 13.7 7.00 7.47

DUN 246 23072-5041 1999 254 8.8 6.29 7.05
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Table 2.2 Tests for 90-mm aperture

Catalogue Comp RA(2000)Dec HIP PA Sep Va Vb
BU728 23522+4331 17655 10 1.16 8.78 9.06
STF367 03140+0044 5058 134 1.21 8.21 8.26
BU114 13343-0837 167 1.26 8.05 8.18
STF987 06541-0552 33154 176 1.27 7.13 7.29
STF2843 AB 21516+6545 107893 149 1.33 7.07 7.36
STF2583 19487+1148 97473 105 1.43 6.47 6.75
STF1291 08542+3034 43721 312 1.47 6.21 6.43
STF314 AB-C  02529+5304 13424 313 1.55 6.95 7.26
STF1932 15183+2649 74893 263 1.64 7.43 7.48
STF1639 AB 1224442535 60525 324 1.78 6.79 7.94

Table 2.3 Tests for 15-cm aperture

Catalogue Comp RA(2000)Dec  HIP PA Sep Va Vb
BU341 13038-2035 63738 132 061 6.46  6.43
BU316 04528-0517 22692 3 0.80 857 8.62
BU232 AB 00504+5038 3926 253 0.88 858 882
STF13 00163+7653 1296 51 095 698 7.23
STT403 20143+4206 99749 171 093 731 768
HO475 AB 22327+2625 305 1.06 934 962
BU694 AB 22030+4439 108845 6 1.00 572 782

(4) Mullaney, J. & McCall, W, 1966 Jan., Sky & Telescope, Tlrdst Deep-Sky
Objects 1, 13.

(5) Mitton, J & MacRobert, A., 1989 Feb., Sky & Telescope, @el Stars, 183

(6) Adler, A., 2002 Jan., Sky & Telescope, The Season?si€&tRouble Stars,
131.

(7) Adler, A., 2002 Jul., Sky & Telescope, More Pretty Dowhlel1l.

(8) Ropelewski, Michael, 1999, An Atlas of Double Stars, Wedociety. (see
http://webbsociety.freeserve.co.uk/notes/doublektfil)

(9) Mullaney, J., 1993, Mar., Sky & Telescope, The DelighHt®bserving Dou-
ble Stars, 112.

(10) Kaznica, J. J. et al., 1984, Webb Society Double Stati@eCircular No 3.

(11) Hartkopf, W. 1., Mason, B. D., Wycoff, G. L. & McAlisteH. A., 2002, (see
http://ad.usno.navy.mil/wds/int4.html)
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Table 2.4 Tests for 20-mm aperture

2 Why observe double stars?

Catalogue Comp RA(2000)Dec HIP PA Sep Va Vb
A 1504 AB 00287+3718 2252 41 0.54 8.12 8.22
HU517 AB 01037+5026 4971 29 0.56 8.22 8.27
A 347 14369+4813 11467 252 0.57 7.73 7.93
HO44 10121-0613 49961 204 0.58 7.96 8.27
cou482 14213+3050 122 0.60 9.2 9.3)
HU149 15246+5413 75425 273 0.60 6.68 6.80
BU303 01096+2348 5444 293 0.62 6.65 6.78
HU146 15210+2104 75117 127 0.66 8.82 9.09
BU991 22136+5234 140 0.66 (8.8 8.8)
STT435 21214+0254 105438 235 0.66 7.41 7.46
178 11336-4035 56931 98 0.67 5.39 5.44
A 185 22201+4625 319 0.69 (9.6 9.7)
STF412 AB 03345+2428 16664 356 0.70 5.95 5.98
STF2783 21141+5818 104812 355 0.70 7.11 7.34
STF1555 AB 11363+2747 56601 147 0.71 5.80 6.01
STF3056 AB 00046+3416 374 144 0.72 7.02 7.30
A 1116 15116+1008 74348 51 0.77 7.97 7.99
A 2419 03372+0121 96 0.78 (8.6 8.7)
KUI97 20295+5604 101084 132 0.79 5.89 8.77
BU182 AB 23171-1350 114962 47 0.79 8.16 8.38
Al 01424-0646 7968 248 0.80 8.05 8.20
A 953 01547+5955 65 0.80 (8.8 8.8)
Cou610 15329+3121 76127 200 0.82 4.14 6.55
STT112 05398+3758 49 0.84 (792 8.2
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Table 2.5 Tests for 30-cm aperture

Catalogue Comp RA(2000)Dec HIP PA Sep Va Vb
VOU36 02513+0141 9 0.38 (8.4 8.9)
STT75 04186+6029 20105 181 0.38 7.33 7.49
BU688 AB 21426+4103 107137 197 0.38 7.55 7.61
A 1562 05373+4339 352 0.39 (9.0 9.0)
CHR91 20045+4814 98858 211 0.39 6.16 9.64
AC16 AB 19579+2715 98248 232 0.39 7.56 7.77
A 1588 09273-0913 46365 196 0.40 (7.2 7.3)
A 2152 AB 10290+3452 51320 50 0.40 8.52 8.79
RST4534 15089-0610 74116 12 0.41 (8.21 8.2
RST4220 03038-0542 14255 339 0.42 8.85 8.91
A 2719 06203+0744 30120 65 0.44 6.76 6.83
MCA38 Aa 13100-0532 64238 339 0.44 4.38 6.72
STT349 1753048354 87534 44 0.45 7.51 7.72
A 951 01512+6021 8629 220 0.45 7.98 8.26
A914 00366+5608? 2886 26 0.46 7.97 8.05
BU1023 07151+2553 35070 304 0.45 8.34 8.52
A 2016 AB 02287+0840 175 0.46 9.9 9.9)
YSJ1 Aa 10329-4700 51504 95 0.46 5.02 7.39
BU1184 03483+2223 270 0.46 (8.9 9.1)
BU1298 16595+0942 83143 129 0.46 7.96 8.00
A 1607 13124+5252 64517 14 0.47 9.34 9.43
STT86 04366+1945 21465 4 0.47 7.32 7.34
1 450 01519-2309 222 0.48 (8.6 8.9)
STT337 17505+0715 87325 170 0.48 7.72 7.87
KUI8 02280+0158 11474 38 0.52 6.45 6.66
HU1274 15550-1923 77939 119 0.52 5.95 7.96
Cou103 15200+2338 283 0.54 (8.9 8.9)
STT510 AB 23516+4205 117646 304 0.55 7.34 7.41
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Table 2.6 Tests for 40-cm aperture

2 Why observe double stars?

Catalogue Comp RA(2000)Dec HIP PA Sep Va Vb
COuU452 01510+2551 8600 181 0.29 8.08 9.42
HU981 22306+6138 111112 215 0.29 6.98 7.23
Cou1214 01373+4015 175 0.31 (9.6 9.6)
COuU1659 01298+4547 26 0.32 (9.0 9.3)
STF346 03055+2515 14376 254 0.34 5.45 5.47
BU1147 AB 23026+4245 113788 352 0.35 5.09 7.26
STT250 12244+4306 60522 349 0.35 7.88 8.02
HU520 01178+4946 166 0.36 (8.09 8.3)
A 1204 20143+3129 143 0.36 9.4 9.7)
COu1510 02016+4107 131 0.36 (9.6 9.6)
COuU2037 05219+3934 25060 143 0.37 7.31 7.54
KR12 01415+6240 7895 291 0.37 7.81 7.88
A 1498 2359445441 118287 90 0.38 7.73 7.77
Table 2.7 Tests for 60-cm aperture

Catalogue Comp RA(2000)Dec  HIP PA Sep Va Vb
COou2013 02520+1831 93 0.21 9.1 9.1)
A 506 06357+2816 36 0.23 (8.6 8.9)
B 2550 AB 01425+5000 7979 277 0.23 8.41 8.58
COU1505 00594+4057 4626 138 0.23 8.55 8.70
HO 98 19081+2705 93994 78 0.24 7.53 7.54
MCA60 Aa-B  20158+2749 99874 147 0.24 4.50 6.65
COou1183 21180+3049 105146 18 0.25 8.13 8.30




Chapter 3
The Observation of Binocular Double Stars

Mike Ropelewski

3.1 Introduction

The night sky presents a fascinating variety of double stanrsging from wide,

optical pairs to close binary systems. A few doubles canVideil with the unaided
eye, while a modest pair of binoculars will reveal many maine; study of double
stars can be enjoyed by those who do not possess a largeofedesc expensive
equipment. There is a broad selection of binoculars on thehaso let us take a
look at those that might be suitable for this branch of astnon

3.2 Binocular Features

Probably the best views of celestial objects will be obtdinging prismatic binocu-
lars (Fig 3.1). In this design, light passes through theahje lenses and is reflected
by prisms before being focussed at the eyepieces. Prisrasceitte effective focal
length of binoculars without increasing their size and tgeasharper image than
would otherwise be produced. This especially importantrwbbserving double
stars; the components should appear as individual pingoiright. They also in-
vert the image resulting in an upright view.

Image stabilized binoculars include advance design featsuch as a micro-
processor variable-angle prisms. These compensate folumary movement, en-
abling the observer to 'lock on’ to a celestial object at thesg of a button. The
increased steadiness of the image allows a higher magiofidat be used without
a tripod or dedicated mount. Comparisons with conventibimadculars have been
most impressive. (For a list of test double stars see Chajpter

Fig 3.1 The light path in a pair or prismatic binoculars

Another feature of good quality binoculars is coated or bied lenses, where the
optical surfaces are treated with a substance to reducerthard of light reflected
from them. The resulting field of view is brighter and freenfrdaloes and other
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26 3 The Observation of Binocular Double Stars

false images. Bloomed lenses appear blue or purple wheiedtudder white light
- a helpful point to remember if the binocular housing hashbexn stamped with
the words 'Coated Optics'.

'Optional extras’ could include eye-cups, which are ciecieces of plastic or
rubber fitted around the eyepieces. Eye-cups prevent sglalyftom entering the
eye and are particularly useful when observing from briglitisurroundings.

The majority of binoculars achieve focussing by means of auaby rotated
centre-wheel located on the axis joining the optical systekaditionally, it is com-
mon for one eyepiece to be individually adjustable ensuttiagjeach image is cor-
rectly focussed for the observer’s eyes.

Finally - lens caps. Binocular lenses are delicate itemsraag incur damage
by accidental scratching. A set of tightly fitting covers éyepieces and objectives
will provide valuable protection from mishap and ensurdropm performance is
obtained for the lifetime of the binoculars.

3.3 Aperture, magnification and field diameter

Having ensured that our binoculars are of decent opticatistal, the next points to
consider are aperture and magnification. These factorsrgrertant because they
will determine whether or not a double star can be resolviedio separate sources
of light.

Binoculars such as the popular 7 x 50 range (denoting a megtiifh of seven
times and an objective lens diameter of fifty millimetres¢ aeasonably priced,
lightweight and will provide good views of many double stphss a host of other
interesting celestial objects. They are also suitable éregal daytime use. Larger
instruments with a higher magnification will divide much o pairs and show
greater detail, but are more expensive and bulky. It may besable for beginners
to invest in a fairly modest pair of binoculars before pragirg to an instrument of
greater power and aperture, should a deeper interest onastly develop.

The field diameter of a pair of binoculars is a numerical vaxpressed in de-
grees and fractions of a degree. It is directly related tomifgtion and objective
lens diameter. For a given aperture, field diameter dimeggsis magnification in-
creases. As might be expected, it is easier to locate antdbjecigh binoculars with
a wide field of view, because the area of sky represented moptionately larger.

To obtain the field diameter of a pair of binoculars, if thiswais not known,
we need to note the length of time taken for a star near thastea@lequator to drift
centrally across the field of view from one edge to anothés (iecessary to secure
the binoculars to a tripod or some other means of supporthiertést). Suitable
bright stars includ@ Orionis (in the belt of Orion){ Virginis anda Aquarii. The
elapsed time, recorded in minutes and seconds, is muttiplefifteen to give the
field diameter in minutes and seconds of arc. This method tsmbke used for
determining the field diameter of a telescope eyepiece.
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3.4 Binocular mounts

Conventional hand-held binoculars will resolve the mordely separated double
stars, whilst stabilising binoculars, as described ini8a@, are capable of divid-
ing much closer, fainter pairs. However some form of mouptinessential if field
drawing is to be attempted.

Fig 3.2 An example of a simple binocular mount (John Watson)

There are several types of adapter. The example illustiat€t. 3.2 consists
of a threaded clamp which is tightened around the central aithe binoculars;
the adapter base is secured to the tripod by means of a stbsctaw thread. An
alternative design comprises an L-shaped bracket withjagting thread at the top
end; this style of adapter is suitable for binoculars thateha threaded recess at
the objective end of the central axis. Large binoculars mexefit from the extra
support provided by the 'heavy duty’ type of clamp which fiteund one side of
the binocular housing, giving a more stable and rigid olisgrplatform.

3.5 Tripods

It is advisable to choose a tripod that allows binocularsecsbcured at slightly
above head height, preventing an uncomfortable stoop whegiag objects at high
altitude. Tripod legs should be strong and sturdy; othexwasy vibration will be

transmitted to the field of view, resulting in a shaky imagettBtripod and adapter
can be purchased from any good camera shop. Mounted bims@ra portable,
easy to set up on any flat, level surface and will enhance tlogment of observing

double stars and many other celestial features.

3.6 What can we see?

Table 3.1 provides a selection of double stars divisibleifmotulars. Positions and
measures have been extracted from the Washington Double&#dogue (WDS)

and observational notes have been added by the author. Mémgse double stars
are marked in Norton’s Star Atlas (1) which, when supplerétiy a publication

such as Sky Catalogue 2000.0, Vol 2 (2) , will provide bothlilmcular and tele-

scope observer with a host of interesting objects.

3.7 Magnitude and separation limits

There are several factors that can affect the magnitudeepaiation limits (i.e. the
faintest stars visible and the minimum separation attd@)dbr a pair of binoculars.
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Table 3.1 Some fine binocular double stars

RA 2000 Pair Comp Date PA Sep Va Vb Constell.
Dec
0149.6 -1041 ENGS8 AB 2001 251 184.7 4.69 6.81 Cet.
0156.2 +3715 STFA4 AB 2001 299 200.5 5.79 6.07 And.
0405.3 +2201 STT 559 AB 2003 359 176.8 5.90 8.09 Tau.
0433.4 +4304 SHJ44 AB 2003 198 1205 6.12 6.83 Per.
0506.1 +5858 STFA13 AB 2002 9 178.7 5.20 6.21 Cam.
0530.2 -4705 DUN 21 AD 2000 271 197.8 5.52 6.68 Pic.
0535.4 -0525 STFA17 AD 1995 316 133.3 5.03 5.06 Ori.
0604.7 -4505 HJ 3834 AC 1999 321 196.2 6.02 6.39 Pup.
0704.1 +2034 SHJ77 AC 2008 347 101.3 4.05 7.66 Gem.
0709.6 +2544 STTA83 AC 2002 80 1205 7.16 7.79 Gem.
0750.9 +3136 STTA89 AB 2004 83 77.0 6.83 7.69 Gem.
0814.0 -3619 DUN 67 AB 2009 174 65.5 5.03 5.99 Pup.
0855.2 -1814 S585 AB 2002 151 64.2 5.90 7.24 Hya.
0929.1 -0246 HJ1167 AB 2009 6 65.6 4.64 7.28 Hya.
0933.6 -4945 DUNT79 AB 1999 33 140.4 7.46 7.62 Vel.
1228.9 +2555 STFA21 AB 2009 251 1442 523 6.64 Com.
1235.7 -1201 STF 1659 AE 2003 275 153.1 7.94 6.78 Crv.
1252.2 +1704 STFA23 AB 2010 51 196.5 6.50 6.99 Com.
1313.5 +6717 STFA25 AB 1999 296 179.0 6.64 7.08 Dra.
1327.1 +6444 STTA 123 AB 2000 147 68.9 6.65 7.03 Dra.
1350.4 +2117 S 656 AB 2003 208 85.9 6.93 7.37 Boo.
1416.1 +5643 STF 1831 AC 2003 220 109.7 7.16 6.73 UMa.
1520.1 +6023 STTA 138 AB 2002 196 152.1 7.64 7.76 Dra.
1536.0 +3948 STT 298 AB-C 2002 328 1215 6.90 7.75 Boo.
1620.3 -7842 BSO 22 AB 2000 10 103.3 4.90 5.41 Aps.
1636.2 +5255 STFA 30 AC 2009 195 89.0 5.38 5.50 Dra.
1732.2 +5511 STFA 35 AB 2009 312 62.7 4.87 4.90 Dra.
2013.6 +4644 STFA50 AC 2008 174 106.7 3.93 6.97 Cyg.
AB 2008 325 333.8 3.93 4.83 Cyg.
2028.2 +8125 STH7 AC 2000 282 196.6 5.48 6.66 Dra.
2037.5 +3134 STFAS53 AB 2003 177 182.7 6.29 6.54 Cyg.
2110.5 +4742 STTA 215 AC 2009 189 136.3 6.55 7.52 Cyg.
21135 +0713 S781 AB-D 2008 172 1831 7.25 7.17 Equ.
2143.4 +3817 S 799 AB 2001 61 150.3 5.69 7.00 Cyg.
2144.1 +2845 STF 2822 AD 2001 45 1975 4.75 6.94 Cyg.

For example, conventional hand-held 7 x 50 binoculars canlve double stars
separated by approximately one minute of arc, whereas watipilised binoculars
in the 15x45 range can typically reduce this to around 15 acomsds (3). On the
negative side, a bright moon, or artificial lighting can tegthe all-too familiar sky-
glow that renders faint stars invisible, whilst the pregeatatmospheric pollution,
cloud or haze can also impair observation. This is most als/ishen attempting
to study objects located at low altitude; incoming light isn@ readily absorbed
by the thicker layer of atmosphere which may, in severe ¢asdace the apparent
brightness of a star by several magnitudes.
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Table 3.2 Notes on double stars in Table 3

Pair Notes

ENG8 X Cet. A white and pale yellow double located SW of the orangpedig. sta Cet.
STFI4 56 And. Pale yellow, pale blue. Lies on the southerml®oof the open cluster NGC 752.
STF559 39 Tau. Easy white and bluish-white double. Eastef#llow 4th mag. star 37 Tau.
SHJ44 57 Per. Superb, bluish-white pair in a field sparkliftty wany faint stars.

STFA13 11,12 Cam. Bluish-white, pale yellow. Fine pair. Avad chain of 4 stars following.
DUN21 Orange, blue. Spectacular. Forms a right-angleddtéawith two 7th mag. stars.
STFAL17 81 - 62 Ori. Two silvery-white, 5th mag. twins enveloped by the @rldebula.

HJ3834 A neat white pair in a curved E to W chain. The white 4&gn? Col. lies NW.

SHJ77 { Gem. An unequal, yellow and bluish-white couple on a richkigagund. Tiny comes.
STTA83 A faint, white double in a dense region near the opastel NGC 2331.

FRK7 A splendid, white pair, 3 degrees easpdBem. Preceding a dense field.

DUNG67 This bluish-white double forms a parallelogram withtBer faint stars. Fine area.
S585 A pleasant, pale-yellow pair located south of a W-sthdpenation of stars.

HJ1167 ! Hya. White, bluish-white. Unequal. Easily found south ofraup resembling Sagitta.
DUN79 An easily resolved pure white couple. The 4th. mag. M N&s N.

STFA21 17 Com. A beautiful, blue pair situated in the ComaelRgres Cluster.

STF1659 This white double lies at the NE end of a chain of 3siays.

STFA23 32, 33 Com. Pale orange and bluish-white. Lovelyresiit South of the Coma Cluster.
STFA25 A superb orange pair, easily resolved. Situated Begsgrom STTA123 (see below).
STTA123 Both components are pale yellow. Located in a smalb&fainter stars.

S656 This neat white pair closely follows the yellow 5th mstar 6 Boo.

STF1831 A splendid, bluish-white double in a field denselgwated with tiny stars.

STTA138 This delicate, white pair follows the pale yellovd3mag star Dra.

STT298 Both pale yellow. Fine field with 53 Boo (white) and oRorange) to the NE.
BS0O22 A beautiful, golden yellow pair, almost equal in btiggss and easy to resolve.
STFA30 Grand, bluish-white pair preceded by a five-star gshaped like a capital X.
STFA35 v Dra. An exquisite double, comprising two pure white 5th nmetgrs.

STFA50 31, 8 Cyg. Gold, green blue. A magnificent triple star on the frigéthe Milky Way.
STH7 75 Dra. Both stars orange. A fine, bright pair locatedriictaarea of sky.

STFA53 48 Cyg. Two pure white 'twins’ set in a superb regiornha Milky Way.

STTA215 Both stars white. Rich area. The orange, 5th mag.yés k&s W.

S781 This equal, bluish-white pair is situated near thereesftthe Equuleus quadrilateral.
S799 79 Cyg. Both components white. The SE member of a cotkek stars.

STF2822 U Cyg. White and bluish-white. Unequal but easy. Set againshestellar background.

These 'minus points’ afflict all visual observers, but sltbnbt discourage pe-
rusal of the heavens. On a clear, dark night there is mucwtbagan see and do.

3.8 Star Colours

A casual look around the sky will reveal that not all the staesof the same colour.
Antares and Betelgeuse, for instance, are orange-red whéé and Vega appear
bluish or bluish-white. Colour is directly related to a &aurface temperature and
the wavelength of the light emitted. Blue or white stars asttdr than those dis-
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playing an orange or red hue. Binoculars show the colourk peiticularly where
the components of a double star present contrasting shaxasiples include theta
Tauri, a prominent yellow and white pair in the Hyades clystad the superb gold,
blue and green triple 01 Cygni. Conversely, fainter startherthreshold of visibility
appear white because they emit insufficient light to stiraullae colour receptors in
the eye.

Occasionally, observers may encounter unusual stellaucebkuch as violet or
mauve. These curious hues are sometimes caused by a phenoknewn as 'daz-
zle tint’, where a bright primary imparts false colour tofaésnter companion. Star
colours are naturally subjective, with opinions often \lagybetween experienced
observers. This is just one of the intriguing aspects cadewith the study of
double stars.

3.9 Field drawing

Perhaps the most enjoyable way of permanently recordingibldstar observation
is to make a field drawing, together with a short written diggion of the object
under study. Sketching trains the eye to notice fine detditlaa results can be both
personally rewarding and scientifically useful.

Before starting to sketch, it is necessary to prepare somwekhdircles to rep-
resent the field of view. These may be drawn using a pen andlagnpr on a
computer/word processor. A field diameter of six centinse@eables six circles to
fit on a sheet of A4 paper, allowing sufficient space for caygtiand notes. For those
observers who do not own a printer, it may be convenient tdyre a page of blank
circles which can be photocopied as required.

Other items needed for field drawing are a medium grade blaokif eraser,
sketch-board and a red torch. Especially useful is the-@fipdesign of torch, which
can be attached to the drawing board, allowing the obsenwkdtch more easily.

Fig 3.3 An example of a field drawing

The next three steps involve finding a light-free observetiposition, securing
the binoculars to a mounting and choosing a suitable douaieGelestial objects
near the meridian (due south in the northern hemisphere @adatth in the south-
ern hemisphere) are easy to follow because their altituds dot vary much as they
cross that part of the sky. After locating the double and teefketching, it may
be worth panning the binoculars slightly in altitude andazh to obtain the most
interesting field of view.

One method of creating a sketch is to begin by drawing the corpts of the
double and the brightest field stars that are visible. Faotes can then be added,
using the principal stars as reference points. The largepémcil dot, the brighter
the star it represents.

An alternative technique involves dividing the field of viéwto four equal seg-
ments or quadrants and drawing all the stars visible in eactio1. This approach
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is, however, probably better suited to telescopic obsEnvatvhere the field can be
accurately divided using an eyepiece fitted with cross hairs

The pencil sketch can be overwritten with black ink, if dedirand supplemented
by a brief caption. A concise field description could alsormtided, either with the
diagram or, if preferred, in a separate notebook or on a dat@bAn example of a
completed field drawing is shown in Fig 3.This diagram hasireproduced from
the publication 'A Visual Atlas of Double Stars’ (4) which ri@ins observational
details of more than three hundred double stars suitablédtr binoculars and
telescopes.

3.10 Summary

The observation of binocular double stars is an absorbistimpa and provides a
good introduction to some of the 'showpieces’ of the night $kmay lead to more
detailed telescopic study of these underrated celestjalctsbor be enjoyed as a
hobby in its own right. Either way, it is a most fascinatingubch of astronomy.
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Chapter 4
The scale of binary systems

Bob Argyle

4.1 Introduction

How much we can find out about binary systems depends mostlyeoseparation
of the two stars. Very wide pairs with rotation periods of mémousands of years
yield little direct information whilst close pairs with stigoeriods and an orbital
plane in the line of sight, thus producing eclipses, wilballmany of the individual
physical characteristics of the stars such as mass, siza@itness to be measured.

The most common type is the visual binary but this is simplg tiuthe fact that
these systems are near enough to us that we can resolve ttieallppt is quite
likely that during the next 10 or 20 years as more sophigitaatellites such as
GAIA are launched the number of binary stars known is likelyricrease tremen-
dously. This is to be expected since near the Sun we know thed than half our
stellar neighbours are members of binary or multiple systand there is no reason
to suppose that this is just a phenomenon peculiar to thismegf the Galaxy. At
the time of writing the WDS catalogue contains more than @9 gystems.

4.2 Periods greater than 1,000 years

There is a huge range of scale in binary star orbits and coesgly the period
can, at the longer end, reach 100,000 years or more. The lippers set when
the separation of the two stars becomes comparable to ttamdésto other nearby
stars. In this case, the external influences of the neigliomalstars will eventually
disrupt the very tenuous gravitational link between the gonents of the binary.
Periodic passages through the plane of our galaxy (whichdrapevery 30 million
years or so) can also disrupt wide binaries due to the infei@hgiant molecular
clouds. It is, of course, impossible to determine theseoplsreven remotely well
and even orbital determinations with periods of 1,000 yeaesregarded as very
provisional. For the widest systems, the separation ofiestars can reach 10,000
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Astronomical Units (by comparison Pluto is about 30 AU frane Sun and the
distance tax Centauri is 280,000 AU).

4.3 Periods between 100 and 1,000 years

Between periods of 100 and 1,000 years lie many of the bindhniat can be seen
with small telescopes such as Castor (445 yegrsgo (510 years) ang Vir. (169
years). The Sixth Catalogue of Orbits of Visual Binary Sté@m the United States
Naval Observatory (on the CD-ROM) attempts to list and as#es various orbits
which have been calculated for visual binaries. Each osliraded from 1 (defini-
tive) to 5 (preliminary) and there are no definitive orbits finaries with periods
greater than that of 70 Oph. (88.38 years). (The Sixth Catedas the regularly
updated version available on-line at the USNO website)s Ehdue to the fact that
it is only from around 1830, when F.G.W.Struve was well ints $tride at Dor-
pat working with the 9.6-inch refractor that reliable (andwerous) measures exist.
Clearly itis still important to work on these systems, evasugh the results may not
be used for several centuries. It was the great Danish astrenEjnar Hertzsprung
who said “If we look back a century or more and ask ‘What do warapiate mostly
of the observations made then?? The general answer will enedttions bound to
time. They can, if missed, never be recovered. Of these wvltdens, measures of
double star contribute a major part”.

4.4 Periods between 10 and 100 years

For the serious amateur, pairs with periods between 10 abgéd#rs are the most
rewarding in terms of being able to follow them over a sigaificportion of their
apparent orbit. A good example of a pair in this category ider. with a period
of 34.385 years. The apparent separation ranges from 0.%5tard seconds, but
because the pair is unequally bright (2.8 magnitudes in \@mihis near periastron
to see it requires at least a 30-cm aperture. It should belioée many of these pairs
are grade 1 although it is almost certain that Hipparcostvaille added pairs in this
region of which very few observations have ever been mada fre ground and
which would benefit from further coverage. These are likelpé difficult visually,
however. All of the Hipparcos discoveries can be found inWieS catalogue on
the CD-ROM.The discovery code is HDS whilst TDS and TDT iadiécadditional
pairs found by the satellite from the Tycho project.
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4.5 Periods between 1 and 10 years

Between 1 and 10 years period, measures of pairs need laggiiggs and some-
times special techniques - such as speckle interferonfeaiys in this region are
almost all beyond the range of small apertures.

4.6 Periods less than 1 year

To detect stars as binary in this period regime, which is hdythe scope of this
book, it is necessary to turn to the spectrograph or the gidnased optical array.
For an excellent description of the many and varied typedasfechinary systems
see the book by Hilditch (1).

4.7 References
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Chapter 5
Multiple stars and planets

5.1 Binary star formation

Observational evidence strongly suggests that double atarthe rule rather than
the exception in our galaxy. Recent studies of moleculanddo using sensitive
infra-red and millimetre wave detectors (because the Vislisorption can exceed
1000 magnitudes), have shown that many of the objects fautiebre are double or
multiple.

Stars are born in dense clouds which consist almost totathotecular hydrogen
along with a small admixture of dust. At the temperaturedspof these clouds,
about 10K, the hydrogen cannot be detected. Most cloudscaistain traces of
carbon monoxide which produces very bright spectral liresavelengths of 1.3
and 2.6 mm and it is these which allow astronomers to tracealigtebution of
hydrogen. To date about 120 other molecules have been faungihg from water
and ammonia to more complex organic structures such as nwthad ethanol.

Molecular clouds come in a range of sizes and compositioe. Srhall cloud
complex Chamaeleon 1l for instance is about 10pc in diamétes a maximum
visual extinction of a few magnitudes and temperature ouaAOK. There are a
few stars, none of which are massive and no star clusterslargest complexes in
Orion, however, are perhaps 50 pc across, with 100 magmitoiddsual extinction
and a gas temperature of 20K. These are populated by thaisésthrs in dense
clusters, including massive OB stars. Star formation ccowost frequently in the
more massive clouds. Other well-known regions of star faionaare known simply
by the constellation in which they appear - Taurus-Aurigahi0chus, Lupus, and
Perseus for example.

How then do binary stars form from the nascent interstellatemal? Recent
simulations on powerful computers can explain not only naifie observed prop-
erties of binary stars but also the existence of large nusdfdsrown dwarfs. These
are objects which, in terms of their mass, lie between thesivadupiter-like plan-
ets and the faintest of stars - the red dwarfs. The mass ofrbdevarfs (about 0.07
times that of the sun or alternatively 70 Jupiter massesytisuifficient for the nu-
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clear reactions in the core to start but they are warm enangke seen in sensitive
infra-red detectors.

Bate et. al. (1) have recently published the results of pelteg a simulated inter-
stellar cloud in the computer and following its evolutiorhely begin with a cloud
of 50 solar masses and about a light year in diameter and tloegs starts with the
formation of cores which then collapse gravitationallyngobeing more massive
than others. The dense cores are usually surrounded by yadisktwhich is left
behind as they contract more and more rapidly. These digkthaught to be the
major source for the formation of brown dwarfs. Many intéi@ts occur within the
cloud before the stars have reached their full size and asudt the less massive
fragments are ejected from the cluster by a slingshot meéstmaimhe most massive
cores are attracted to each other and form close binariemaltighle systems which
then undergo further evolution.

When the calculation was stopped (it took 100,000 CPU hptiis! result was
formation of 23 stars and 18 brown dwarfs so Bate and colleaganclude brown
dwarfs should be as common as stars. The number of known kdomrfs is very
small but that is largely due to the fact that they are so difffito detect. Another
prediction of this programme is that brown dwarf binariesfoion but they need
to be very close in order to survive and the few binary browadsvfound so far
fit this criterion. It was previously thought that the protian of close and wide
binaries was a result of different processes but this ctitheory has the advantage
to producing many of the observed properties of multiplesstéad brown dwarfs.

5.2 Planets in binary systems

When the first edition of this book appeared in 2004 there weoend 15 known
cases of planets or planetary systems orbiting one compohatbinary star. At the
time of writing this number has risen to 60 or so, most of whach listed in Table
1. There are two common ways in which planetary bodies (exmi$) can exist in
binary star systems in a dynamically stable configuratier (&g 5.1)

Firstly the planet orbits well outside a pair of stars in aseldinary orbit. This
is referred to as a P-type (or planetary type) orbit. In thisecthere exists a critical
value of the semi-major axis of the planet’s orbit aroundghie. Too close and the
planet is subject to competing pulls from both stars -totadisthe gravitational link
vanishes.

Secondly the planet orbits one or other of a wide pair of stdrsre the distance
of the planet from its sun is much less that the stellar séjparar his is an S-type
(or satellite-type) orbit and here the semi-major axis efphanetary orbit must be
less that a certain critical value if the perturbations fribia second star are not to
be too disruptive. In other words if the planet wanders todrtan its sun during its
orbital revolution it will come under the influence of the cpamion star. To date, all
known exoplanets have S-type orbits, but with the discoeémsxoplanets in close
binary systems then it would be reasonable to expect P-tylesdo be found. So
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far, there are no cases in which each component of a steltarybis attended by
planets or a planetary family.

A third possibility is the L-type orbit in which the planet wes in the same orbit
as the secondary but but 60 degrees ahead or behind it.

Fig 5.1 Location of stable planetary orbits (a) the S-typat¢fiite-type) and (b)
the P-type (Planet-type)

At the time of writing (June 2011) some 550 exoplanets aramdan some 80%
of cases these objects have been discovered by the refleriatdon in radial ve-
locity of the primary star but other methods have also beed.usstrometry of host
stars using HST for instance can reveal planetary pertiorigtin those rarer cases
where the plane of the planetary orbit lies in the line of sighe planets betray
their presence by transiting the primary star, and morentécdeep imaging in the
infra-red has revealed planetary bodies directly. All thenptary orbits known to
date are S-type and are listed in the table below. The Msituineo lists the min-
imum mass (in Jupiter masses) that the planet has, and thersmrepresents the
unknown inclination of the planetary orbit. There are now@hl00 cases known
in which the exoplanet or exoplanets transit the parent sangysin i = 90 degrees
so the true planetary mass equals the minimum mass.

The first discovery was a planetary companion to one of thes &tathe wide
pair 16 Cyg. The planet was detected orbiting the faintetefttvo stars which
separated by some 39 arc seconds on the sky, equivalentrieaa Beparation of
700 astronomical units at the distance of 70 light years. drhéal period is very
long and nothing is known about orbit of the two stars aboetd@nter of gravity.
16 Cyg B is a dwarf star, somewhat earlier in spectral typa tha Sun. The planet
orbits star B at a distance of about 1.72 AU with a period of 8a@s but the orbit
is very eccentric (0.63). The recent discovery of a verytfatar close to A which
is probably physical means this is the first triple star kndefave a planetary
companion.

55 Cnc is accompanied by a distant M dwarf star which was filesttified by
W.J.Luyten. The stars make up the system LDS6219. Currémtlyseparation is
about 83 arc seconds and has shown little change since 1B6@rimary star has
an annual proper motion of about 0.5 arc seconds so it islglagphysical pair
but the orbital period is going to be of the order of thousasfdgears. Two further
planets were confirmed in summer 2002, one of which has théestealue of MJ
sin i yet found (0.22).

T Boo has afaint (mag 11.1) M2 companion which was discoveyéttn Struve
at Pulkova. At that time (1831) the separation of 15 arc seas such that the
pair could be relatively easily seen. The distance has dlsgmificantly and the
current value is around 3 arc seconds. An orbit was compuatdé®98 by A. Hale
and a period of 2000 years derived. This is very uncertaitimitietermination of
the binary star orbital elements is significant because fiteese observations the
inclination of the orbit can be determined. If we assume thatplanetary orbit
aroundt Boo is co-planar with that of the two stars then a direct meast the
planet’s inclination will allow the mass of the planet to betermined directly. If
the binary orbit inclination is correct and the tilt of theapktary orbit to the line of
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sight is also 50 degrees then the sini factor is 0.77, giviaglae of 3.0 Mj for the
planet in this system.

The brightest component of the pair STF1341, HD80606 is nowwk to have
a planetary companion with a period of 111.8 days. The edcéntof the orbit
(0.927) is the highest yet found and it is possible that thidue, like that of the
planet of 16 Cyg B, to perturbations by the second star inyktem.

The wide pair STF2474 consists of two 8th magnitude stararségd by 16 arc
seconds. McAlister found the primary to be a close pair wiglegod of 3.55 years
and recently Zucker et al found a planetary mass companistat® which is a G8
dwarf star of 0.87 solar mass.

The bright star gamma Cephei is a spectroscopic binary gfleeg period - in
fact the longest yet found. Roger Griffin (2) gives the perésd66 years with an
uncertainty of 1 year. The planet has a period of 903 daystaraverage distance
from star Ais 2.1 AU.

The first planetary discovery made by Italian astronometh e 3.5-metre
Telescopio Nazionale Galileo on La Palma is a low-mass planiniting the fainter
component of the pair STF 2995 - currently separated by %.8ewonds. The large
proper motion of the bright component and the small changeeparation since
1820 confirm that the stellar pair is a binary one.

The following table summarises the data that we have at présethe binary
systems which have planets. The first column gives the popalae of the binary
component with the planet, followed by the double star cgta¢ name, the ap-
proximate separation of the two stars (in Astronomical E)nia letter representing
the planet (b = nearest the star, c is next most distant anch)sand finally the
minimum mass of the planet (in terms of the mass of Jupitéi).Wwas possible
to observe the planet by direct imaging, we could deterntiedriclination of the
planet’s orbit and hence it's mass. If the orbital plane ef pianet is in the line of
sight then sin i =1 and the mass of the planet can be deterreieedly. This is the
case in only one out of the 100 or so planetary systems fouddt&®

A recent paper by Lowrance et al.(3) lists 11 binary and érgpystems which
have a planetary companion or planetary system in orbitratamne of the stars.
Recent discoveries include two more planets in the 55 Cniesysa new stellar
component to ? And which already has 3 planets, a faint stetlampanion to HD
114762 and a sub-Saturnian mass planet to HD 3651 whosesfallar companion
is field star.

The website maintained by Jean Schneider (4) at Paris Cdiseyvs kept up-
to-date with new planet discoveries.

Planet discovery is proceeding apace and many further eearape bound to be
found in the near future when the upcoming space interfetenmeissions such as
SIM and DARWIN which are designed to seek out Earth-sizedgifastart opera-
tion. We will soon know whether such planets exist in doublleven multiple star
systems.
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Table 5.1 Planets in known double star systems (January 2011)
Star RA Dec Cat. Mags PA Sep S.type Nplan Dist.
(2000)  (2000) 00 (po)
GJ4.2 000619 -490430 HDO 180 5.711.5 184 4.1 Gllv+ 1 20.6
GJ 3021 001612 -795104 49149 106 26 GXVv+ 1 17.62
M4V
GJ 27 003921 +21150D5550 6.011.5 80 167.6 KOV linear?
v And 013648 +412438 LWR1 4.29.4 149 55.6 F8V+ 3 13.47
GJsl.1 015709 -101432 GAL315 6.512.0 134 29.6 G5V 2 33.98
GL 86 021014 -505000 ESG 1? 4.8,14.2 103 2.0 1 11
HD 16141 023519 -033338 MUG?2 6.9, 187 6.2  Another lat 35.9
23"
HD 19994 031246 -011145 HJ663 5.1,11.0 213 25 F8Vv+ 1 22.38
HD 20782 032003 -285114 LDS93 7.4,8.4 358 253.0 G3V+ 1 36.02
HD 38529 054634 +011005 RAG1 6.0, 305 284.0 G4V+M3V 3 42.43
HD 41004 055950 -481423 HDS814 8.8,12.5 167 0.4 K2V+ 43.03
HD 46375 063313 +052746 SLE299 9.1,11.0 310 10.3  Kl1Iv+ 1 334
HD 40979 060430 +441538 LEP 22 6.7,9.1 289 192.5 1 33.3
HD 58728 072744 +212643 MCA30 5.3,7.3 349 0.1  F5V+F5V
HD 60318 073809 +30573®Dx175 6.1,6.5 148 0.1  KOlI+
HD 65216 075341 -633850 MUGS8 6.4,12.7 89 6.4 1 34.3
55 Cnc 085237 +282002 LDS6219 6.0,13.0 128 84.7 G8V+ 1 58.38
HD 80606 092237 +50361%F1341 9.1,9.2 89 20.7 G5+G5 5 13.02
y! Leo 101958 +19502951424 3436 125 4.6  KOIlI+G5II1 38.5
HD 89744 102210 +411346 WIL2 59,149 51 63.0 1 40
HD 99492 112645 +030047 STF1540 6.6,7.5 146 29.1 G7V+ 1 17.67
HD 101930 114330 -580024 MUG9 8.3,10.7 8 73.1 1 30.49
HW Vir
HD 109749 123716 -404843 R 203 8.3,10.5 180 8.3 G3Vv+ 1 59
HD 114762 131219 +173101 PAT 47 7.4,18. 30 3.3 1 39.46
HD 114729 131244 -315224 MUG 3 6.8, 333 8.1 1 35
T Boo 134717 +172722 STT270 45,11.1 33 28 F6IV+M2 1 15
HD 125612 142054 -17 2853 163 90.0 G3V+M4V 3 52.8
HD 126614 142648 -051040 LDS4465 9.7,17.0 299 419 KO+
HD 142022 161015 -841333 HJ 4798 7.7,11.2 130 20.4 KO+ 1 35.87
HD 147513 162401 -391134 RAGS8 5.4,11.0 248 350.0 G1V+DA2 1 912
HD 156846 172034 -192001 A2241 6.6,14.1 76 5.2 FovV 1 49
HD 176051 185702 +3254 0648 7.38.0 268 0.9 GOv+
HD 177830 190520 +255514 EGN 24 7.2, 85 1.6 KO+M3.5V
HD 17891P 190903 +343600 STF2474 6.8,7.9 263 16.0 Gilv+
16 Cyg B 194151 +503103 STFA46 6.0,6.2 133 39.9 G1.5Vv+ 1 2141
HD 188015 195204 +280601 RAG3 8.2 85 13.0 G5IV+ 1 52.63
HD 188753 195458 +415218 HO 581 8.0,8.7 133 0.3
HD 189733 200043 +224239 1 19.3
GJ 777 200337 +295349 LDS6339 5.7,14.8 232 178.2 G6IV 2 15.89
HD 195019 202817 +184612 HO 131 7.0,10.6 330 3.5 Flv+ 1 37.36
HD 196050 203751 -603804 1 46.9
HD 196885 203951 +111458 CVN 17 559.1 66 0.7 F8IVi+ 1 33
M1V
HD 212301 222730 -774304 HDO 299?? 6.8,12.0 275 4.4 F8V+M3V 1527
HD 213240 223100 -492559
HAT-P-1 225747 +384030 HJ 1832 9.8,10.2 74 11.2 F8+ 1 13.9
HD 219449 231553 -090515 STFA12 4499 313 50.3 K1lI+K3 1 45
HD 219542 231634 -013503 HDO 317 191 9.2
y Cep 232920 +77 3756 3.2, 257 0.9 +M4V 1 13.79
HD 221673 233357 +31193P720 5.7,6.1 100 0.5  K4llb+
HD 222582 234151 -055908 LDS5112 7.7,14.5 300 109.4 G5+

aHD 65216 B is a close doubRHD 178911 A is close binary CHR 84 P = xx ye&rndD 219449

B is a close binary31220
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Chapter 6
Is the Sun a double star?

As we have seen the Sun is, as a single star, apparently ina&ityiamongst the
stars in the local neighbourhood. As more very faint compasito nearby stars are
found this will make it even more unusual, but do we reallglim a solar system
with a single Sun?

In 1984 Raup and Sepkowski (1) reported evidence for a 2éomijfear (Myr)
periodicity in the occurrence of mass extinctions based study of marine fos-
sils. Such impacts included the one 65 million years agophaduced the Chicx-
ulub crater in Yucatan and killed the dinosaurs. Steel (Brseto later work by
Sepkowski which indicates ten such events over the last 26@myears which
strongly correlate with a 26 Myr cycle.

This produced a flurry of interest from astronomers who camevith several
ideas on how this could be linked to astronomical events. iDee related to the
rotation of the Solar System around the galaxy. It is wellelsthed that one rotation
around the galactic centre takes about 250 Myr but durirgytthie the Sun also
moves perpendicular to the galactic plane in a sinusoiddlife and crosses the
plane every 30 MYr or so, reaching a distance of about 100gu the plane at the
ends of the cycle. During the plane passage, it is surmikedarth’s biosphere can
be exposed to increased levels of radiation. (A recent yhegmeculates that another
intense source of radiation may emanate from supernovadhwérd to occur in the
galactic plane). Rampino and Stothers in Nature (3) arghatthe original Rapp
and Sepkowski data could be interpreted as having a perigd blyr rather than 26
then stated that this is in better agreement with the perigdiactic-plane crossing
period of 33 MYr. With the Sun spending more than two-thirfl&®time within
60 pc of the galactic plane there was ample opportunity fopanters with passing
giant molecular clouds to disturb comets from the Oort cldRempino and Stothers
also found a periodic term of 31 Myr in the occurrence of langgers on the Earth.

In the same edition of Nature the American astronomers Wtétand Jackson
(4), and, independently, Davis, Hut and Muller (5) came ughaitheory to try and
explain the apparent 26 Myr periodicity. Whitmire and Jackpostulated a star
with mass between 0.0002 and 0.07 M sun with an orbit of eccégt0.9 and semi-
major axis of 88,000 AU. The companion postulated by Davad.evas similar but
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at apastron such an orbit would take it out to a distance ofia®dight years after
which the companion would then approach the Sun, skirt the @aud, disrupting
comets into the inner solar system and return again to théhsleg space. This
companion star was named Nemesis to reflect the catastrtptats appearances
would trigger. Detractors from the theory argued that wheapastron passing stars
would have more effect on Nemesis than the Sun but work by thetDastronomer
Piet Hut argued that Nemesis could survive such encourdeabbut a billion years.
Today it is difficult to explain binary orbits on this scaleohe out of the 1,000 or
so hinary orbits which have been catalogued have aphelstardies on this scale.

The main argument against the Nemesis theory is that thegiea) orbit is too
large and too eccentric to allow the star to stay bound to theabter more than a
few passages through the Galactic plane

Recent studies of wide binaries (6) conclude that some wédes have separa-
tions in excess of 10,000 AU. To give an idea of this scaletdPkiabout 30 AU
away and Centauri is about 280,000 AU distant.

If Nemesis exists then clearly it is not a twin of the Sun beeagven at apastron
it would be apparent magnitude +3 and its parallax of welrdvarc second would
have marked it out many years ago. Nemesis must be at leasitadd dwarf,
perhaps even a brown dwarf whose apparent magnitude iy tikdde at least +15.
The proper motion of such a star will be very small and thi$ bela distinguishing
feature as many very faint nearby stars have large propeon®tSo a survey such
as the Sloan Digital Survey could pick it up, providing thardtes in the 25% of
the sky which the survey will cover. Any suitable candidatesld then be observed
individually by ground-based telescopes since the paralifibe large.

Could the extinction in the late Eocene period be due to aipastar? One
possibility of resolving this question may come with datanfrthe projected GAIA
mission. The expected accuracy of the proper motion andigadetermination for
the stars in the solar neighbourhood will allow a more adeuvackward interpola-
tion to determine the history of close stellar approachelsé¢dsolar System.
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Chapter 7
The orbital elements of a Visual Binary Star

Andreas Alzner

7.1 The true orbit

Whilst astronomers regard the brighter component as fixechaap the motion of
the fainter one around it , in reality, both stars in a bingrstem move in ellipses
around the common centre of gravity. The size of the ellipghriectly proportional
to the mass of the star, so in the Sirius system, for instahegyrimary has a mass
of 1.5 sun, the white dwarf companion 1.0 sun and so the siedlipes traced out
on the sky are in the ratio 1.0 to 1.5 for the primary and seaon(Fig 7.1). The
ratio of the masses is inversely proportional to the sizéhefapparent orbits (see
egn 1.1) so this gives one relation between the two massegetTine sum of the
masses requires the determination of the true orbit fronagparent orbit and this
is what this chapter will describe.

2000

1980
e
SiriusB

Fig. 7.1 The real orbits of the stars in the Sirius system
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46 7 The orbital elements of a Visual Binary Star

We regard the primary star as fixed and measure the motiore aittondary star
with respect to it and in Chapter 1 we saw that in binary staesmotion of the
secondary star with respect to the primary is an ellipses Ehcalled the apparent
ellipse or orbit and is the projection of the true orbit onpteme of the sky. Since the
eccentricity of true orbits can vary from circular to extgnelliptical (in practice
the highest eccentricity so far observed is 0.975), thenathge of apparent ellipses
is even more varied because the true orbit can be tilted indiweensions at any
angle to the line of sight. We need the true orbit in order tedrine the sum of the
masses of the two stars in the binary. This is still the onbgatimeans of finding
stellar masses.

On the face of it then the measurements that we make of sepaeatd position
angle at a range of epochs are all the information that we teeivg and disentangle
the true orbit from the apparent orbit. We do, however alsmkthe time at which
each observation was made much more precisely than eitliee ofieasured quan-
tities. There are other clues, for instance in the way trattimpanion moves in the
apparent orbit.

In Fig 7.2 | plot the apparent motion of the binary O? 363. lis ttase X,y rect-
angular coordinates are used rather than the ? polar cededinvhich are more
familiar to the observer. Each dot on the apparent ellippeesents the position of
the companion at 2 year intervals. It is immediately cleat the motion is not uni-
form but it considerably faster in the third quadrant i.eween south and east. The
point at which the motion is fastest represents the pedagur closest approach)
in BOTH the true and the apparent orbits.

Keplers Second Law which tells us that areas swept out inngivees must
be equal and this also applies to both the true and the appareih In Fig 7.2
although the three shaded areas are shown at differentspnittte apparent orbit
because they are all traced out over a 10 year interval tlas are the same. We also
know that the centre of the apparent orbit is the projectedreeof the true orbit.
In most cases the motion is described by the fainter stativel® the brighter star
that is fixed in the focus of the ellipse as if the total massensemcentrated in the
fixed centre of attraction.

According to the law of gravitation the primary star and tloenpanion move
around the centre of gravity, the first describing the smaligpse. In most cases
the motion is described by the fainter star relative to thghter star that is fixed in
the focus of the ellipse as if the total mass were concenmtiatéhe fixed centre of
attraction.

In the true orbit the centre of the ellipse is called C, thauavhere the brighter
star is located is called A. The periastron P is the closeisit jpd the ellipse to A.
The geometry of the motion suggests use of polar coordin@teselements of the
real orbit are as follows (Figure 7.3):



7.1 The true orbit

Orbital ellipse with excentricity e = 0.8

Fig. 7.3 The true elements of a visual binary star
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48 7 The orbital elements of a Visual Binary Star

P the revolution period in years; alternatively the mean omoti
per year (= 360/P or u = 2m/P is given,)

T the time passage through periastron,

e the numerical excentricity e of the orbit, the auxiliary &ng
@is given bye=sin @

a the semiaxis major in arc sec.

Fig. 7.4 The true and the projected elements of a visual binary star

7.2 The apparent orbit.

The apparent (observed) orbit results from a projectiorhefttue orbit onto the
celestial sphere. Three more elements determine thisqbiarje
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Q the position angle of the ascending node. This is the pasitio
angle of the line of intersection
between the plane of projection and the true orbit plane.affuyte
is counted from North to the line of nodes. The ascending i®de
the node where the motion of the companion is directed aveay the
sun. It differs from the second node by T&hd can be determined
only by radial velocity measurements. If the ascending nede
unknown, the value: 180 is given.

i the orbital inclination. This is the angle between the plafprojection
and the true orbit plane. Values range frof®180 . For ¢
<i < 90° the motion is called direct. The companion then
moves in the direction of increasing position angles
(counterclockwise). For 90< i < 180° the motion is
called retrograde.

w the arguyent of periastron. This is the angle between the aad the
periastron, measured in the plane of the true orbit and inlitteetion
of the motion of the companion.

Fig. 7.5 The projected elements of a visual binary star

The element® T,a,e,i, w, Q are called the Campbell elements. There is another
group of elements which is used in order to calculate rect@ngoordinates. They
are called Thiele-Innes elements:

A= a(coswcosQ — sin wsin Qcosi)
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B = a(coswsin Q + sin wcosQcosi)

F = a(—sin wcosQ — coswsin Qcosi)

G = a(—sin wsin Q 4 coswcosQcosi)

Note: the element&, B, F, andG are independent of the excentric#il he points
(A,B) and Fcosp, Geosp), together with the centre of the apparent ellipse, define a
pair of conjugate axes which are the projections of the majokminor axes of the
true orbit.

Fig. 7.6 Thiele-Innes elements and Campbell elements

There is an instructive and easy way to draw the apparerttfoolni the 7 Camp-
bell elements. It runs as follows:

e Draw the rectangular coordinate system with a convenieatéstlorth is at bot-
tom (the positivex - axis), East is at right (the positiye- axis).

e Draw the line of nodes: the node makes the afglbetween north and the line
of nodes.

e Lay off the anglew from the line of nodes and proceeding in the direction of the
companion’s motion, i.e. clockwise, when-i90°, and counterclockwise, when
i < 90° . This will give the line of periastron and apastron of thestaubit.

e Draw the true orbit ellipse. The distance of the centre oftthe orbit from the
centre of the coordinate systencisThe long axis is &, the short axis isl2sob
andc are easily calculated:

c=ae b=+a?—c?
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e Construct the apparent orbit: Draw lines from points on the brbit to the line
of nodes; the lines have to be perpendicular to the line okaoMultiply the
lines bycos i Connecting the so obtained points yields the apparent orbi

As an example the orbit foD>235 is given. Elements are as follows (Heintz,
1990):P = 73.03 years] =1981.69a=0".813,e=0.397,i =47°.3, w = 130.9,
Q =80.9.

Periastron True Orbit  Fagy,
~%op,,
\‘h oy,
[ — :
o
-
Line of Nodes e & T
<] e .
s East
( R A 90°
Y// )
|
\\ e |
N K /
[ - .
i :
Apparent Ombit
A
Apastron
North ¥ 0°

Fig. 7.7 The true and the projected orbit 62235 drawn in one plane. Note: the law of areas
holds in the projected ellipse as well.

7.3 Ephemeris Formulae

For any timet, the coordinate®,r or x,y are computed from the elements by means
of the following formulae. First the eccentric anom&has to be determined from
the mean anomal:

Ht—T)=M=E—esinE (Kepler's Equation)

This equation is transcendental and has to be solved itelatiA first approxi-
mation is given by the formula:

Eo = M + e sin M+ (¢?/2)sin 2M

This Eg is used to calculate a neMy:

Mg=Eg—esinE
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A newE; is obtained from MMg andEg:
(M —Mo)
(1— ecosh)

The last two formulae are iterated to the desired accuramyr Ferations are
sufficient fore <0.95. Now the desired positions are calculated:

E1=Eo+

auxiliary circle

true ellipse

Fig. 7.8 Auxilairy circle, eccentric anomaly E, true anomaly v andius vector)

Polar coordinates:

tan% = gtgtan(E/Z)
a(l-¢e)
~ (1+ecosv)

tan(@ — Q) =tan(v+ w) cos i

p =rcosv+w)sed® — Q)

Rectangular coordinates:

X=cosE-e ; Y=./(1-€)sinE

x=AX+FY ; y=BX+GY



Chapter 8
Orbit computation

Andreas Alzner

8.1 Introduction

Many methods have been given for the calculation of a visirgrly orbit. The
motion of the Earth can be neglected, but the measurementere much larger
than errors in positions of planets, asteroids or cometstéfbre these methods are
entirely different than calculating an orbit in our plarmgtaystem. The decision,
whether to calculate an orbit or not may depend on the foligveionsiderations:

For the first calculation of an orbit:

e is the observational material good and complete enoughvtoagyieliable value
for the important quantity®/P??

e are there only few recent measurements and does the comggpooach a crit-
ical phase of the orbit, so that a first preliminary result aitract the observer’s
attention to the pair?

For the improvement of an orbit:

e arethere large (or growing) deviations between observsitipos and calculated
positions?
o will the new orbit give a significantly more reliable reswt &°/P??

Rating the observational materialvith a strongly marked curvature, even a
comparatively short arc may suffice to give a reliable ofigvided that the ob-
servations are consistent, see the two "well determinezt.ar

Now have a look at the two ‘undetermined’ arcs. Even highisi@e measure-
ments will not allow us to calculate a preliminary orbit. Argsult will have to be
graded ‘undetermined’. Substantial revisions are to beebaul, see the complete
ellipses. In the example, the blue ellipse results in a magsstimes larger than the
red one!

In the case of the first calculation of an orbit the observedvall determine,
which method should be used. If there is any hope that theraditsenal material
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54 8 Orbit computation

observed arcs

well determined

s L / S

undetermined

>

the complete ellipses

Fig. 8.1 Well determined arcs, undetermined arcs, the completeseli

will allow a least square fit applied to a set of provision@meénts, a simple ge-
ometrical method is sufficient to obtain an initial set ofreénts. If the observed
arc is undefined or too short to draw the complete ellipse,reanhcal method is
required like the method by Thiele and van den Bos.

8.2 A simple geometrical method

The well observed orbit 0£1356 =w Leo (plot from Mason and Hartkopf, 5th
Orbit Catalogue, 1999) is used to illustrate a geometricathmd. Elements (van
Dessel 1976):
P =118.227 years[ = 1959.40a = 0".880,e=0.557,i = 66°.05, w = 302°.65,Q
= 325.69 ascending.

First the apparent orbit is drawn manually. In the next figilne primary star
is located in the centre O of the coordinate system, P is thiagteon, A is the
apastron, C is the centre of the ellipse, the line connedtiegapastron and the
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' '
WD 0328540903 STF13% <DI1976)

Fig. 8.2 Orbit of 21356 and observed positions

periastron is the projected semiaxis major, L and Q are tlhetgovhere the true
anomaly is —98and +90.

The elements are found as follows:

y/ T S East
Py 0 &

F1

o

QYD o or
X

Fig. 8.3 Geometrical method

1. Draw the complete ellipse (the law of areas must be fulfjill€onstruct the
centre C of the ellipse. After periastréhis found, the eccentricity is calculatedl:
=CO/CP.

2. Draw the tangentin :first find the focal points F1 and F2 efahparent ellipse.
Draw the triangle F1 P F2. The straight line perpendiculath®line cutting the
angle in P into halves is parallel to the tangentin P.

3. Draw the line L O Q: it is parallel to the tangent in P.
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4. Determine the coordinates x,y of the pointgPy;) and Q(%,y>2).
5. The Thiele-Innes constants are calculated as follows:

A=x/(1-e) ; B=y/(l-e)

F=x/1-€) ; G=y/(1-&)

6. Calculate the elementsdy and Q. The relations are:

tan(Q + w)=(B—F)/(A+G)
tan(Q — w) = (B+F)/(A—G)
a?(1+codi) = A2+ B2+ F?+ G?
a’cosi=AG—-BF =v

a2 =u++/(u+v)(u—v)

7. Determine the period and the time of periastron from theeoled positions.
The areal constant c in the apparent ellipse is twice thesaveat by the projected
radius vector. a and b are the semiaxis major and minor of piparant ellipse,
respectively. The period is:

P=2mab/|c|

Now the preliminary elements have to be corrected in a lepsire fit.

8.3 Differential correction of orbits

In this section the correction of an orbit for a visual douttier by means of a least
squares fit using the method of differential correction Wil explained in detail.
The process of calculation follows the formulae and advisesn in ?Double Stars?
(Heintz, 1967)4.

First of all, a misunderstanding should be avoided. Manypfethink, using
‘differential corrections’ means that only small corrects can be applied and that
the start orbit must be very close to the final solution. Thisdt correct at all. When
handling with care, quite large corrections can result epassible, and the method
is very powerful because only a limited number of orbits labé calculated in
order to get the final solution. During the approximatiom, tialculator can look at
residuals and control the process of calculation. The ghaeecannot be automized
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in many cases, especially if there are few measures or theuresaare distributed
over a part of the ellipse only.

In addition, the final solution of an orbit calculation does depend so much on
the method of calculation. It depends on the weights asdigméhe observations.
There was and is a lot of discussion concerning the weighetgibken to visual
measurements compared with photographic and speckle neeaesots. Only ex-
perience and comparison of measurements with definitivenr well determined
orbits or with pairs in very slow motion can allow to determirliable weights.

The mathematical rule for the calculation of a weight W is:

w~ 1/02

whereo is the error of the measurement.

Now, the formulae for the corrections have to be set up. Weviothe principle,
that a changea; of some coordinater is composed of elements correctiorg d
given by the formula:

z /0£j)d£j = da,—
=

where the d; are the residuals and the ére the improvements to be found. The
quotients are calculated from initial elements found eygthe graphical method
described in the previous chapter.

Heintz has given the following formulae when using polar rdiates. So, all
differentials are expressed in units of degrees:

e=sing

dp =57.296 se@ de

dn = useé @dT

de® =57.296 da/a

dm =N seé ¢ du

The assumption is that all observations have been collgctadected for pre-
cession) and a start orbit is available.

For each observational position (it may consist of the mdaeweral observa-
tions because of economy of calculation and is called a ‘abpusition’) one has
to calculate two Equations of Condition:

dQ+Bdi+Cdw+Fdp+Gdm+Hdp=do

do°+bdi+cao+fdn+gdm+hdp=57.296¢/p

where @ and ¢ are the residuals for this observational position, i.8=d®
(observed) H(calculated, using the start orbit) and=xlp(observed) p(calculated,
using the start orbit).

The auxiliary functions are defined as follows:

g=secpsinv (2 + e cow)

Z =sec (1 + e cosv)?

K =-sec@ cosv (1 + e cosv)

A =tanp sinv (1 + e cosv)

and the coefficients B, C, F, G, Hand b, ¢, f, g and h become:
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B=-cog (0-Q?-?)tan ¢ + w) sin i
C=+cog(0-Q)sed (v+w)cosi

F=-¢C
G=+(Ct
H=+¢C

b=-sin2(0-Q)tani
c=-sin(6-Q)cos@-Q)sinitani

f=-({c+A)
g=+(c+N)T
h=+ec+k

Each equation of condition has to be multiplied with the squaot of the weight
which is assigned to this measurement (left side and rigig!si For determina-
tion of the weights: see the suggestion by Heintz in ‘Doulibrs(4), page 46 or
Hartkopf et al: The weighting game in ‘Binary star Orbitsrfr&peckle Interferom-
etry II'.'7 For example, visual angle measurements obtainermaeight than visual
distance measurements.

Let’s assume that there are 50 normal places, i.e. 50 timegidtHns of Condi-
tion and let us continue with the equations fé.d

There is a system of 50 linear equations with the 6 unknowhsdi, de ...: On
the left side there is a 50 x 6 matrix (let’s call it A), on thght side a 50 x 1 vector
(let’s call it R1) containing the residuals.

Now the system of Normal Equations has to be set up by matrigptication:

(AT xA)xca= AT xRl

whereAT is the transposed matrix @ andcais the 6 x 1 - vector containing
the unknown corrections:

dQ
di
dw
dn
dm

do

On the left there is a 6 x 6 matrix” « A = a, on the right a 6 x 1 vectoh"
R1 =ra. This is the system of Normal Equations.

Solving such a system of equations is pre-programmed in mashematical
programs and gives the solutions faRddi, dw, dn, dm, dp. But the procedure
works only if the observed arc represents the orbit fairlyl wed when there are
many good measurements. Otherwise, large and unreliabyections will result.

Now the corrections have to be applied to the elements of tdmé arbit; this
yields the new elements.

The same can be done for the system of linear equationgfty det the correc-
tion for a® anda, respectively. This givesusa6x6 matBY « B=banda6x1
vectorrb. Differential corrections with matrik work well only if there are many

ca=
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good measurements for the distance like for example in tee o&a binary such
as McAl4Aa. (Indeed, McAl4Aa can be corrected in rectangidardinates also
very well).

Is the corrected orbit better? This has to be checked foyewaw set of elements.
For every new orbit one calculates the two sums of squaredssiVe call it SUM:

w
SUM= W.(obs— calc)?
|

W = weight assigned to th&" equation of conditionn = number of normal
places. Two SUMs have to be calculated, one for the anglesgbond one for the
distances.

Important note:

It is very much recommended that the two 6 x 6 normal equatokresidual
vectors for@ andp are added together in ordertogeta 7 x 7 matrixcanda 7 x 1
residual vectorc for correction of all 7 elements simultaneously. For addipghe
matrices and the vectors to get the 7 x 7 matrand the 7 x 1 vectorc, add zeros
in this way:

[all 0al2al3al4al5al6 ral]
OO0 O O O 0 o
a2l 0a22 a23 a24 a25 a26 ra2
a3l 0a32a33a34a35a36 ra3
a4l 0a42ad43 ad4 a45a46 rad
a51 0ab2 a53 ab4 ab5 a56 rab
a6l 0a62 a63 a64 a65 a6 rab

and

00 0 0 0 0 O O
0b1l1b12b13b14b15b16 rbl
0 b21 b22 b23 b24 b25 b26 rb2
0 b31 b32 b33 b34 b35b36 rb3
0 b41b42 b43b44b45b46 rbd
0 b51 b52 b53 b54 b55 b56 rb5

|0 b61 b62 b63 b64 b65 b66 rhb |

Operating withc andrc, the algorithm is much more robust and unreliable ex-
cessive corrections happen less frequently.

In case the observed arc is short one can also delete indhédlumns from the
normal equations in order to reduce the number of correataithbelements in one
step. Some calculators for example vary the period P by avsigih of a certain
amount and look for the corrections of the remaining eleséwbrmally, the whole
procedure is an iterative one, and it may take about 5 to update20 to 50 steps,
depending on the observational material and the obsereed ar

For checking the reliability of the programs, first genetate artificial orbits X
and Y with somewhat different orbital elements. From orbibKservation points’
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are calculated and orbit Y serves as start orbit. If the @ogworks properly the
corrected orbit must become orbit X. The observation pdatteut 15 to 20) should
be well distributed around the complete ellipse. For exampl

X - orbit: P =360, T=1903,a=0.70,e =0.30,i = 131.5, omeg&0Mmode =
120.0

Y - orbit: P =340, T =1900,a =0.90, e = 0.35, i = 140.0, omeg&0/ode =
117.0

Although the two sets of elements differ considerably, ttethad of differential
corrections will find the correct solution in 2 steps onlyphactice, for real observa-
tions one will see: the less complete the observationalmahtnd the less accurate
the observations, the more difficult the procedure. In cAsg@o undetermined arc
(little curvature, periastron not observed or too far infitere etc.), the corrections
may become very large and unreliable as mentioned above.

Possible ways to continue in such a case:

e Correctonly 5 or 4 or even only 3 elements simultaneously.
e Do not try to correct at all, wait for new measurements.

Some calculators do it in the following way: They vary P, T anth a 3 di-
mensional grid (fixed values) and correct the remaining el@mthus calculating
hundreds or even thousands of orbits and as many valuesf@r$tuMs of residu-
als.

Calculations of errors of orbital elements can be perforih#ite observed arc
contains the 2 ansae and hence defines the orbit already well:

Calculate the inverse of the 7 x 7 matrix c, this giveslc The diagonal elements
are g1, oot ... ot

Calculate the sum of the residuals:

T + 3 W.8.(462) + Wpi.(4p?)

Now, the errors for the orbital elements can be calculated:

> _
dQ = /2= cyy
n_7011
@
da= \/n— 7'57.296 %2
di= /2t
! n—7c33

]2 L 1
dT = \/n—TLlZ(SG@(D) .Cs5

_ /3 1 1
du = \/n— 7'seé§qo'c66
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_ ]2 1 1
de= \/n— 7'57.008 (se@g)? "
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Chapter 9
Some famous double stars

Bob Argyle

9.1 Introduction

In this chapter we move out from the Sun and look at some of #ighbouring
double and multiple stars which have been observed for destun some cases
there are still secrets to be revealed. The beauty of a sonsgéarth has inspired
poets and artists for millennia - what must it be like wherr¢his not one sunset
but two or more with each sun glowing in a different coloureThiaroscuro would
be impressive to say the least. Not all double and multipstesys have different
colours - some contain stars of essentially the same spetiss and therefore
colour.

9.2 Mizar and Alcor

This brightest of naked-eye double stars was known in aityigund attracted the
attention of the early telescopic observers. Alcor (mag ¥.21.8 arc minutes dis-
tant making the pair easy to see. In 1617 Castelli noted thaarithe brightest of
the two stars (V=2.0) was again double and so Mizar has thiaction of being the
first double star discovered at the telescope.

Bradley, in 1755 was the first to measure its relative pasitio 143.1, 13".9.
Lewis (1) using positions up to 1903 found that the annualomah position angle
was +0.025 and from this estimated a period of 14,000 years. Theipalconnec-
tion between Mizar and Alcor was established when the proytions were found
to be similar. In fact, there is a greater connection sinceralyer of the other bright
stars in the Plough are moving through space in a loose asg®oci the nearest star
cluster to us, in fact twice as close to us as the Hyades. T¢tepé&rns to this are
andn.

In 1857 Mizar emerged into prominence once more as it bechmérst dou-
ble star to be imaged photographically. Bond used the 1B4iefractor at Harvard
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College Observatory for this purpose. Agnes Clerke (2) emébouble star pho-
tography was inaugurated under the auspices of G. P. Bom2 Apl857 with an
impression, obtained in eight seconds, of Mizar, the midtie in the handle of the
Plough”

With the advent of photographic spectroscopy, plates ofakix taken at Har-
vard College Observatory in 1886 showed that the Calciumni leading to an
announcement by Pickering in 1889 (3). Mizar A had also bextia first spectro-
scopic binary to be found, beating the discovery of Algoli§g)a few months. In
1906 Frost (5) and Ludendorff (6) independently announkbatiMizar B was also
a spectroscopic binary, this time a single-lined systenowfdmplitude making ra-
dial velocity measurements rather difficult. The period watsdetermined correctly
until relatively recently when Gutmann (7) found a value 855 days.

In the 1920’s with the 20-foot stellar interferometer Frecle Pease (8) carried
out two sets of observations, in April 1925 and May/June 182altulating a period
of 20.53851 days for the orbit of Mizar A.

The Hipparcos satellite showed that the parallax of Mizatlis73 mas whilst
that of Alcor is 40.19 mas corresponding to distances of @ar®d 24.88 parsecs
thus giving a formal difference in the distance to the twosstd about 3 light years.

In the 1990’s the spectroscopic pair Mizar A became one offitse stars to
be observed using the Mark Il optical interferometer on MioWilson in Califor-
nia. An improved instrument, the Navy Prototype Opticakifédrometer (NPOI)
was then constructed in Arizona. A product of the collaboraibetween the United
States Naval Observatory, the Naval Research Laboratary aewell Observatory
the instrument uses phase-closure to build up an opticajéno&the two compo-
nents. An interesting consequence of observing pairs with short periods is that
the orbital motion over one night is substantial and has tallogved for. The NPOI
data is more accurate than that from the Mark 1l and allovesdimension of the
orbit to be determined without an independent measure allpar

The orbit was found to have a semi-major axis of 9.83 mas aadrtiiximum
observed separation was 11 mas and the minimum 4 mas. Cainlitrethe data
from the spectroscopic orbit, the masses have been detdmwiith great accuracy.
The distance has also been derived since both the linearrapdaa sizes of the
orbit are known.

In 2010, Mamajek and colleagues(8a) using the 6.5 meter Mimhd that Alcor
has a low-mass companiofi.11 distant and probably 0.3 M sun. It is an active
star which accounts for the X-rays observed from Alcor. Tlseavery was made
independently by Zimmermann et al (8b). the Mizar/Alcorteys now consists of
three pairs of binaries so its very similar to Castor but onamder scale.

9.3 Castor

Possibly found by G. D. Cassini in 1678, the brilliant whigadler of Gemini was
certainly known to be a double star in 1718 when Pound notegdsition angle
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Fig. 9.1 The components of the 20.3 day spectroscopic binary Mizawisty motion over a 24

hour period (below). Above is plotted the apparent orbitrffdPOI observations. The minimum
separation is 4 mas. Note the size of the error ellipse foh efxserved point. (Courtesy - Dr.
Christian Hummel, USNO)

by projecting the line between the two stars and referrintg ltnes drawn to the

nearby bright stars. In 1722 he repeated the observatioraaighificant change
had occurred. Sir John Herschel evaluated this and foundte#A had decreased
by more than 7.

Castor is the pair which Sir William Herschel first used to dastrate his theory
that the motion between the two stars is due to a physicalcibn.

In the 19th century the large numbers of observations ofdCdmst double star
observers led to a plethora of orbits with periods rangimgnfr250 to more than
1000 years. As the pair had not then passed periastron, nrdefmed one end of
the apparent ellipse this was all preliminary. Even todayesal orbits give similar
residuals and the period would seem to be of order 450 yeattsrd\star of mag-
nitude 11, Castor C, located at T6dnd 71’ (2000) and originally thought to be of
use for measuring the parallax of AB is actually moving tlylespace with Castor
and is part of the system.

In 1896 Belopolsky showed that Castor B was a single-linestspscopic bi-
nary whilst Curtis at Lick Observatory (9) showed that thmeaapplied to the A
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component. In 1920, Adams and Joy (10) announced that Gastass also a short
period spectroscopic binary but in this case it was doublkedland it also turned
out to be an eclipsing system and is now known as YY Gem.

Castor is arelatively nearby system and Hipparcos detedramparallax of 63.27
mas equivalent to a distance of 15.80 parsecs or 51.5 liglntsy&rom this and
the semi-major axis of the orbit one can estimate the real gizhe true orbit of
Castor AB. The maximum separation of the stars is about 130sAkhe 4 times the
distance of Pluto from the Sun.

Although the bright components A and B are single-line spscbpic systems,
it was originally assumed that the stars in each system vimikasin spectral type.
Recent observations of x-ray emission from all three vésgtars in the Castor sys-
tem have proved that the companions to A and B are late-tygpe, st conclusion
borne out by the distribution of masses in the system. The toass of the Castor
AaBb quadruple is 5.6 Msun. This is made up of Castor Aa (spegpes A1V and
K7V and masses 2.6 and 0.7 Msun) and Castor Bb (spectral &pésand MOV
and masses 1.7 and 0.6 Msun). Star C which is the eclipsingblarYY Gem is
also extremely active in X-ray and radio wavelengths ansl hought that the sur-
faces of both components are covered in star spots. Its twiponents are dwarf
stars of spectral class M1. A recent paper by Qian (11) speesithat a weak pe-
riodic variation in the period of YY Gem may be due to a peratitn by either a
brown dwarf or giant planet or it may also be due to magnetiviac so further
research is needed.

Castor, like Mizar, is also part of a moving group that comal6 other stars
including the first magnitude objects Vega and Fomalhaut.

Fig. 9.2 The apparent orbit of Castor, period = 445 yearshigand subsequent
figures the radius of the central circle represents the Déwmétsfor a 20-cm aper-
ture.

Two current orbits which give small residuals from recensetvations show
the pair widening for about 80 - 100 years before it reaches@mum distance
of about 8 arc seconds early in the 22nd century. It will thersain an easy and
beautiful object in small telescopes for many years to cdeigure 9.2 shows the
apparent orbit of AB.

9.4 xi UMa

This beautiful pair of yellow stars was discovered by Witlidderschel on 1780,
May 2 when he wrote “A fine double star, nearly of equal magtés) and 2/3 of
a diameter asunder; exactly estimated”. From the latestabdlements, we can
deduce that the separation on that date was 2.3 arc secondéerAchel was de-
scribing the separation between the disks rather than gleagintres we can see
that the images in his telescope must have been about 1.4@vnds across. The
subsequent, rapid orbital motion convinced Herschel tiatstars were genuinely
connected and in 1827 Savary (12), in France, made the fiygabanalysis of any
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Fig. 9.2 The apparent orbit of xi UMa, period =59.878 years
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double star using xi UMa for the purpose. He obtained a pesfdsB.8 years and
an eccentricity of 0.41. This compares with today’s latedtigs of 59.9 years and
0.40.

As was the case with 70 Oph (see following), the ease of meamnt of the pair
and the relatively short period led to a plethora of orbitsth® beginning of the last
century the separation of the pair was over 2 arc secondsanehising, so taking
spectra of both components became possible in good seeimynd (13) found a
small periodic perturbation in the residuals of the orbitafr A with a period of 1.8
years. As dark companions were somewhat in vogue at the tisemed natural
to ascribe this as the cause of this effect. At this time WirighLick Observatory
had already noted radial velocity changes correspondirtigi$ol.8 year period in
the spectrum of A. Eventually an orbit was computed by vanBies(14) which is
still used today.

Although spectral plates were also taken of star B from 1902as not until
1918 that it, too, was found to be a spectroscopic binary sipleriod of just under
4 days. Berman (15) produced an orbit for Bb which remainedtie analysis until
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Fig. 9.3 The apparent orbit of xi UMa, period =59.878 years
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Griffin revisited the system (16). He was able to show thanier's orbit required
little adjustment, the difference in the period being 0.6Gosel! With each successive
orbit, the period can be fixed with greater and greater aextaif the periastron
passage is sharply defined. Since Berman’s analysis, th@&pdiad gone through
more than 6,000 orbits.

The next development came much later during an investigatiche system by
Mason et al. (17) at CHARA (Georgia State University). Byngsspeckle inter-
ferometry measures they were able to obtain very accur&gves positions and
these were used in an attempt to tune the orbital elementediB pair to give a
more precise value of the individual masses (1995). Thdtsasithese observations
are shown in Fig 1 and actually show the 1.8 year perturbatid@b in its orbital
motion. During the course of their observing campaign, Measial. observed yet
another component, attached to the Bb subsystem but it eggperaonly 1 out of
27 observations.

A later discussion by Daniel Bonneau (18) argues that if tie& component
exists, it would have a mass of about 0.5-0.7 sun and theabibdination of the B
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system would then be incompatible with both the rotation @fr8l the coplanarity
of the orbit Bb. Resolution of Bb will only be possible from eognd-based inter-
ferometer systems although Aa should be resolvable in an2tse telescope with
infra-red adaptive optics.

9.5 70 Oph

Discovered by William Herschel in 1779, this pair has beemawatirite amongst
double star observers of all kinds ever since. Its proxirtotyhe Sun (16.6 light
years according to Hipparcos) means that during the orl@8gfears the separation
of the stars varies from 1.5 to 6.5 arc seconds, and it is tbasiple to follow it
through its whole orbital cycle with ease. The recent p&easpassage in 1984
showed the companion moving almost 20 degrees over theAmather reason for
its popularity is the beautiful contrast between its unégqoanponents which have
given it a prominent place in all observing handbooks. Rla=ar the equator it can
be seen from virtually all latitudes.

Thomas Lewis in his book on the Struve stars said in 1906 ‘dtgplendid sys-
tem and quite worth the time spent on it by Observers and Ctengualthough
it is a source of much trouble to the latter”. Surprisinglyoegh, it was only re-
cently that the agreement between the spectroscopic aundl vgbit was regarded
as satisfactory.

70 Oph was a very popular object with Victorian observerssmcheasures were
numerous. As the pair is an easy object disquiet was exptaesseit the way that the
observed measures were not agreeing with the predicteds/atum the various and
numerous orbits that were being calculated (Lewis lists [22)896, T. J. J. See (19)
postulated that these disagreements were due to the pessiea8rd body orbiting
one of the stars in the system. In 1906 Lewis dedicated a Ergrint of time and
space in his volume to discussing the pair. He was convintatdthe anomalies
were due to a 3rd body orbiting star B and even derived a peifi@6 years for it.
Burnham, in his catalogue, dismissed the idea saying it warzlyn observational
error but the idea persisted. Pavel (20) postulated a coimpanmbiting A with a
period of 6.5 years.

In 1932, Berman using radial velocity measurements of pletken at Lick Ob-
servatory, found a cyclical trend with a period of 18 years finany years later
Berman said that he had ceased to be convinced of this r@dglt (

Reuyl and Holmberg (22) at McCormick Observatory found aroasetric per-
turbation with an amplitude of 0.014 arc secs from a serigdaiés taken between
1914 and 1942.

Worth and Heintz (23) re-visited the visual measures ara@isduced a trigono-
metrical parallax for the star. Although there were soméfams with measures in
the 1870’s they could find no evidence for a 3rd body other thaather unlikely
scenario of the passage of a 3rd body through the systemtaintiea
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Fig. 9.4 The apparent orbit of 70 Oph, period = 88.38 years
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Heintz computed the orbit afresh in 1988 (24) and summatisedituation at
the time. This was that recent radial velocity measures skhave perturbation and
modern measures using long-focus photography show nonsgitedeviations be-
yond the 0.01 arc second level.

Batten and Fletcher (21) re-examined the radial velocityena measured by
Berman and could not find his periodic component in the vékstiHowever they
came to the conclusion that the quality of the early plateama¢hat large residuals
"are not of much significance’. The re-determination of tipectroscopic period
came out at 88.05 years and agrees with Heintz’ visual oritfiimthe quoted error
(0.70 year).

The WDS catalogue lists 15 faint, optical companions ragdfiom visual mag-
nitudes 10.6 to 16. None of these appear to be related plilysicarO Oph AB
which has quite a high annual proper motidpér year). More recently, in an at-
tempt to look for sub-stellar companions,deep IR imaginth e Hale 5-metre
telescope in 2004 led to the discovery of 2 faint companiasth lwvithin 10’ of
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70 Oph A. It is not yet clear whether these objects share tbpgormotion of the
binary. More astrometry is needed.

9.6 zeta Cnc

The history of this fascinating multiple star has recentgib comprehensively re-
viewed by Roger Griffin (25) but a brief summary is worth irdilug here. Whilst
the duplicity of the star had been taken to originate withidsidayer who observed
it in 1756, Griffin has shown that the first suspicion that ttee sias double comes
from an observation by John Flamsteed on 1680, Mar 22. Feedgiefers to "the
north-following component” which agrees nicely with thesfimn of the brighter
of the two stars at that time. The separation of the two stattseaime was about 6
arc seconds.

In 1781 November William Herschel divided the bright comentinto two and
catalogued the close pair as H | 24. (Herschel allocatedss &at pairs of differing
separations ranging from | for pairs closer than 2 arc sexoud to VI for pairs
divided by 32 arc seconds or more). His notes on the positigieaallow a value
of 3.5 degrees to be assigned to the system. The close paitatadserved again
until 1825 when Sir James South measured it from France wieepdsition angle
was given as 58 degrees. It was only when later measures dhibatethe position
angle was actually decreasing that it became clear the pisad moved through
305 degrees since 1781!

Over the next twenty years or so, growing numbers of doulae abservers
made copious measures of both the close and wide pair anddtiemof star C
around AB was clearly not proceeding in a smooth curve. Th#ipa angle would
reduce smoothly and then for several years it would staytaahand then resume
its course. In 1874 Otto Struve considered the results abstiB0 years of measures
by his father, F. G. W. and himself. His conclusion was thatwobbling’ of C was
due to the presence of a fourth star D rotating around it wiperdod of about 20
years. Towards the end of the C19, Seeliger produced a chemsve analysis
of the motions in the zeta Cnc system. His astrometric odvitlie pair CD was
remained in force for over 100 years.

Whilst the existence of star D was in no doubt, few sporadioref were made
during the last century to detect it. In 1983, D. W. McCartB§)using an infrared
speckle interferometer announced that he had detectechhosi@ar D but yet an-
other component, in other words, the main sequence comp@enwhite dwarf
and another star. This detection was never confirmed ane thematter stood until
the early months of 2000.

Using an adaptive optics system working in the infra-redrmn@anada-France-
Hawaii telescope on the island of Hawaii, J.B.Hutchings R Griffin (27) pro-
duced the first direct image of star D. It is a very red objetttha effect it has on
star C suggests a comparable mass to C and thus D itself gyafzatbprises a pair
of M dwarf stars.
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Fig. 9.5 The apparent orbit of zeta Cnc AB, period = 59.56 years
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The story does not end here however. In 2000, A. Richichi (2Bprts on the
observation of a re-appearance of zeta Cancri in the 1.5@sctpe at Calar Alto
on 1998, December 7. Working in the infra-red with a broadehi4 filter the occul-
tation trace showed 4 definite stellar sources and slighsiguificant evidence for
a 5th star, located some 64 mas from star C. Referred to as&ulthappear that it
is another low mass M dwarf possibly with a period of 2 yeale Tomponent seen
by Hutchings and Griffin, D, was also easily visible but if tieithe separation is
likely to be no more than 30 mas thus requiring a considerkifer aperture to
resolve it.
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Chapter 10
The resolution of a telescope

Bob Argyle

10.1 The Airy disk

The structure of an image formed by a circular aperture was firmulated by
George Airy in 1835. In a refractor, the effect of diffraction the image of a star in
the focal plane is to produce a series of faint concentriggi@round a central star
disk, the Airy disk.

The Airy disk has a normalized (the central peak is scalech&y) mtensity pat-
tern given as:

231(ap)\?

Lairy (P) = ( ap ) : (10.1)
wherep is the radial distancdy (ap) is the Bessel function of the first kind of order
one (ofap), a = (D) /(A f), D is the diameter of the aperture]s the wavelength,
and f is the focal length of the optical system. This diffracticattern arises as a
result of the aperture being circular and having a sharp.edge

To calculate values using Bessel functions, one usuallydesort to numerical
techniques. For use here, it is only necessary to know the\awhichl; (ap) goes
to zero for the first time — the first null. This happens wiogn= 3.832. Therefore,
the diameter of the central peak of the Airy disk is given as:

DAiry = 2.0
(2)(3.832)

a

= (2.44)%. (10.2)

Looking at a star, most of the light (84%) goes into this calndisk inside the
first dark ring. The intensity of the first bright ring is 7% bittotal light contained
within the star image. The second bright ring is only 3% ofttital light with the
remaining 6% being distributed in the outer rings.
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Fig. 10.1 The diffraction limited image of a star in a perfect refracto

10.2 The Rayleigh criterion

The theoretical diffraction image, or Airy pattern, of arsteen in the focal plane
of a perfect refracting telescope of apertrem is given by the pattern in Fig 1.
If a second star, equally bright, and close to the first is plesent then two Airy
disks and sets of rings are visible.

The Rayleigh criterion is defined as the separation at wiietpeak of one Airy
disk corresponds exactly to the centre of the first dark rifhe other profile. At
this point the intensity in the dip between the two profile kzedrops to 73.5% of
the intensity of either peak. In terms of the angular separatf the two stars this
is given by 1.22A /D in radians.

Mathematically:

(0-5) DAiry
f

= (1.22)%. (10.3)

tan(Bres) =

Becaus&esis a small angle, tdifhes) ~ Bresand

A
but remember thaffesis an angle in radians. To convert to seconds of arc, multiply

by 206265.
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The power of an objective to separate double stars theraforgnally depends
on both the wavelength and the diameter of the objectivetft®@normal eye the
wavelength is that of the peak reponse which is usually atrsb0So replacing
in the last expression and converting from radians to arersixgives the Rayleigh
criterion of 13.8D whereD is in cm.

Thus, for a 10-cm refractor, the Rayleigh criterion is 1.88seconds. This cor-
responds to a drop in intensity of 30% in the centre of the doatbprofile, between
the two maxima. However it is possible to see double stdtsesdblved even if they
are closer than this limit. This was first demonstrated, fioalstelescope at least, by
the Reverend William Rutter Dawes (1799-1868). Dawes sayséxamined with
a great variety of apertures a vast number of double stamssevtlistances seemed
to be well determined, and not liable to rapid change, in ord@scertain the sep-
arating power of these apertures, as expressed in incheedfiee and seconds of
distance. | thus determined as a constant, that a one-irarttua@ would just sep-
arate a double star consisting of two stars of the sixth ntadej if their central
distance was’456; - the atmospheric circumstances being moderatelyfawde”

Aitken, in his book ‘The Binary Stars’, points out that it iererally accepted
that resolving power rests partly upon a theoretical antypan an empirical basis.
This can be seen in Figures 2 and 3. In the first, the Rayleiiggrion for a 20-cm
refractor is shown with the intensity between the two pealpping to 73% of
the maximum when the peak of one profile is 0.69 arc seconds thhe centre of
the second profile. Figure 3 shows the situation with Dawe# ilemonstrated (the
stars are 0.58 arc second apart in this case). The dip betiegreaks is only 3%
in this case. The resolution of a double star can therefguert®on the brightness
of the stars as it is easier to see a small dip in a bright ima@e in a faint image.

10.3 The Dawes limit

As we have seen, Dawes arrived at this relationship in 18@T &fsts with a large
number of apertures over a number of years. Of course, Danlgshad the ex-
perience of refracting telescopes and unfortunately wasahte to comment on
the application of this relationship to reflectors, let @lanodern catadioptric tele-
scopes! In the next chapter, Christopher Taylor will ardhwag Dawes limit applies
equally to reflectors at least to apertures of 30-cm.

Table 1. Dawes limit for various apertures

Although the Dawes limit is an empirical limit which happensvork well for
small apertures (below about 30-cm) it was clear at the tdrthe last century
when Aitken and Hussey were using the large American refrad¢hat it was not a
universal limit. In 1914, Thomas Lewis (2) produced a nundi@ther relationships
beween aperture and separating power which, he said, wexenglevant to cases
where the stars were either unequally bright or both faint.
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Table 10.1 Dawes and Rayleigh limits for various apertures

Aperture Aperture Dawes limit Rayleigh limit
(in) (cm) arc secs arc secs
1 2.5 4.56 5.43

3 7.6 1.52 1.82

6 15 0.76 0.92

8 20 0.57 0.69

10 25 0.46 0.55

12 30 0.38 0.46

16 40 0.29 0.35

24 60 0.19 0.23

36 91 0.13 0.15

10.4 The effect of magnification

The term resolving power is rather misleading as it implieg the amount of reso-
lution depends on the magnification which it does not. A ma@ieate term might
be the limit of resolution or the angle of resolution. If theotimages appear sep-
arate in the eyepiece then an increase of magnification dlsgparate the images
still further assuming that the atmosphere will allow highragnification.

The resolution of the human eye depends on the diameter pighiewhich can
vary from 1.5mm to 8mm depending on the individual and cood# of illumina-
tion. For double stars it is generally accepted (SidgwidkkMs) that the limiting
resolution is about 2 to 2.5 arc minutes, lower than mightdpeeted from the pupll
diameter but when the eye is fully dark-adapted, the imagjaitien is impaired by
inherent aberrations in the eye.

In terms of measuring close pairs, Couteau (4) defines aviagahagnification
which makes the radius of the first dark ring equal to the Viknndt for the average
eye. This magnification is numerically equal to the diamete¢he objective in mm,
i.e. m = 200 for an 20-cm telescope. Couteau considers that themamiuseful
magnification for double stars is 2nor x400 for a 20-cm.

10.5 The effect of central obstructions

When a reflector or a Schmidt-Cassegrain is considered dwuten is slightly

changed by the presence of the secondary mirror. The regualslightly reduce the
size of the Airy disk and reduce the radii of the bright rirgtsthe same time slightly
broadening the width and increasing the intensity of thggifmhe result is that for
equal pairs, the reflector is as effective as the refractol e central obstruction
is greater than about 33%; but for unequal pairs the widdradifion rings makes
it more difficult to see faint stars close to bright ones. €iopher Taylor who will
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go into this in more detail in the next chapter which will dedth the effect of
alignment and aberrations on resolution for Newtonian cégls.

10.6 Using aperture masks

As we have seen above the circular form of the telescopicétsmdue to the shape
of the diffracting aperture. The effect of the secondaryramiof a reflector modifies
the size of the Airy disk and the radius and intensity of tH&alition rings.

The use of an aperture mask has been applied in several waysdify the
imaging of a telescope to deal with particular problems iaging double stars, in
particular with binary stars such as Sirius where the congpastar is very much
fainter than the primary, 10,000 times as faint in fact. 9sl&irius B (also called
The Pup) is near its widest separation (about 11 arc secanidsmpossible to see
visually with a small telescope. This is because the glanaBirius A spreads out
to envelop the companion star.

One means of reducing the glare is to use a hexagonal aperasie a fact that
seems to have been discovered by Sir John Herschel. The¢isfferoduce a six-
pointed diffraction pattern, with most of the light beingetited into these spikes
and the sky between the spikes, relatively near the brilpaimary star being much
darker than without the mask. E. E. Barnard used this methadegasure Sirius
B. By rotating the mask around the optical axis, it can be usedlimpse faint
companions at any position angle to bright stars.

Another form of aperture mask is the coarse diffractioniggatUsed by profes-
sional astronomers to reduce the large magnitude diffesefaund in double stars
the grating can also be used as a basis of a simple micronteteprinciple and
operation of which can be found in Chapter 14.

Experiments have been made with other shapes of apertutksn@sB. van
Albada describes the use of an objective mask made fromaldeatil-shaped slits
which were used in double star photography on the 23.5-iefthator at Lembang
in Java. It was possible to just record the companion of Rmoda considerably
more difficult pair that Sirius B) using this method.

A new application of this principle is being considered foraiging extrasolar
planets close to bright stars. Whilst a sharp aperture pegla fuzzy image, it
turns out that the converse is also true. By using a squanmguapevith a fuzzy
edge, thus directing most of the light into four diffractispikes at right angles to
each other, NASA astronomers hope to find planets by direaging. The process
of producing a fuzzy aperture is analogous to apodizing w/gr coating a lens
with a film which is progressively more thick towards the ouwtege, the effect
on the Airy disk is to increase it in size but the diffractiongs are suppressed. A
fuzzy-square mask should make it possible for telescopssddzarth-like planets
about five times closer to their star than with an ordinargsebpe,
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10.7 Below the Rayleigh limit

Airy’s definition does not mean that closer pairs than thisngd be seen. In fact,
elongations of the image can be followed down to a fractiothefresolving power.
Simonow has tabulated the relationship between the shagieedmage and the
angular separation as the latter drops further below theimadmesolving power.
For the 23.5-inch refractor at Lembang (Rayleigh criterigre 07.23) he came up
with the following:

Just separated: "@®3 =1.00R
Notched: 0.21=0.95R
Strongly elongated: 019 = 0.86R
Elongated: 0.17=0.77R

Slightly elongated: 015 =0.68R
Elongation suspected” 4 (minimum distance estimated)

Thus Simonow was able to detect duplicity for pairs whoseasspns were
about 0.7 of the Rayleigh criterion. Simonow extended héswalsion of resolving
power to include other combinations of magnitude and magdeitlifference.

Paul Couteau has also discussed this subject in depth aaid®blightly smaller
figures than Simonow for the 50-cm Nice refractor. He clainag the limit at which
stars can be seen as double is 0.14 arc secs or half of theigtalitait for this
aperture.

An investigation into this by the writer has produced thepgran Fig 2 which
shows the least angular separation at which close doubteistaarious apertures
have appeared to be just distinguishable from a single iraadet shows a surpris-
ingly good correlation from the smallest to the largest aperconsidered.

For a list of close pairs suitable for testing the resolutiba telescope see the
Tables in Chapter 2. A more complete list can be found at thBb/&ociety web
site(htt p: : / www. webbsoci ety. or g/ doubl est 01. htmi .

10.8 Small apertures

Jerry Spevak, who observes from Canada has recently cawiegh investigation
into the resolution limit of a small telescope using douliéesfrom the Hipparcos
and Tycho catalogues. He worked through the pairs withowairacke knowledge of
Am and exact separation with the catalogue being checkedadtdy noting the
appearance of close pairs.

He found that the images of double stars can be divided irnio ¢ategories,
depending on separation: separate, touching, notchedlangated. These classi-
fications are fairly self-explanatory. Examples of clos&gare given below along
with the observed appearance and relevant data from Hipparc
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Rayleigh criterion and limit of duplieity
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Fig. 10.4 Plotting Rayleigh limit against the limit of duplicity

Table 10.2 Observations by Jerry Spevak with a 70-mm refractor

Pair MaGS Separtion Images

565 8.0, 8.0 3.1 separate
51905 9.1,9.2 8.0 separate
31284 8.2,9.7 2.5 separate
52845 8.1,8.3 2.0 separate
2807 8.7,8.8 19 touching
52509 7.5,8.3 1.7 notched
52843 7.1,7.4 1.5 notched
53062 6.5,7.4 1.5 notched
53017 7.7,8.6 1.4 notched
B1154 8.6, 8.8 1.2 notched

0350 8.5,8.6 1.1 barely notched
52054 6.2,7.2 1.0 barely notched
32438 71,74 0.8 elongated

52 6.8, 6.9 4.7 elongated
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The telescope for this project is small but of high qualityeTsmall aperture has
helped reduce atmospheric effects. Itis a 70 mm /6.8 ajpocht on a very sturdy
mount and using powers of 137 and 200 each pair is examined feast a minute.
Even the closest pairs tend to ‘jump’ outin a few secondstmiektra time is useful
for detecting doubles whose components have a large differia brightness.

Some years ago, Peterson demonstrated for a 3-inch tekeseuking at x45,
that such a telescope resolved stars independent of medgnitu secondaries
brighter than magnitude 8 or so, fainter than that there agukto be a linear rela-
tion between resolving power and the secondary brightness.

m=L—-24+16log(D/S)

where m is the faintest companion likely to be seen, L is timéilng magnitude
of the telescope, D is the separation of the pair in arc sexand S is the limit of
resolution on bright pairs for the eyepiece used. It woulthberesting to see if this
relationship works for different apertures.

Fig. 10.5 Jerry Spevak and his 70mm apochromatic refractor
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10.9 Seeing

An Airy disk surrounded by several stationary diffractiagmgs is, alas a rare tele-
scopic sight - the presence of the Earth’s atmosphere setbattoln addition to
absorbing the incident starlight, it also causes the stages to change in size
(seeing), move about (wander) and to change in brightnestil{ation). Another
significant effect which is better seen in larger telescapgsgh magnification is
the appearance of speckles which are diffraction limitealges of the Airy disk and
explained in more detail below.

Essentially, in a small telescope, aperture limits theltg®gm. With a large aper-
ture the seeing limits the resolution.

Many observers try to quantify conditions of atmosphermadiness and clarity
by reference to a numerical scale. There are several sché&eimg and whether
the numerical value of seeing increases as seeing gets tiettecreases is purely a
matter for personal choice. Aitken and van den Bos, for imsaboth used a scale
of 1 =worst to 5 = best with the occasional use of a + sign tociaudi 'slightly better
than’ asin 2+.

It is difficult to justify a scale which goes from 1 to 10 for tasce because
it would be difficult to be that specific about what is, aftel; al very subjective
parameter.

The performance of a telescope on double stars can be ingpbyveonsidering
some of the following points:

e Don't take a telescope out of a warm house into a cold garddregpect to see
point-like images straightaway. The telescope must bengivee to reach the
temperature of the night air. This goes for the eyepiecessdls w

e Don't be put off by a little mist or haze or even thin cloud. Tétenosphere on
these occasions is usually calm and can result in good seeing

e If housed in an observatory, open the dome as soon as isqalleti Just after
sunset is not too soon. Keep the dome closed during the dajlbuta little air
circulation if possible.

e Don'tobserve from surfaces which absorb a lot of heat. Geas®re preferable
to concrete.

e Don't use a magnification which is clearly too high for thetstaf the atmo-
sphere. If the images do not show disks, wait until thingsehiayroved. If the
star you are after cannot be resolved, switch to a backuprpnoge of wider
pairs but always be prepared to take advantage of good sebieg it occurs.

e Plan your observing so that your target stars are as close enith as possible
when you observe them.



Chapter 11
Reflecting telescopes and double star astronomy

Christopher Taylor

11.1 Reflectors versus refractors, optical principles

Even a cursory reading of the literature of visual double as&ronomy is sufficient
to show that the field has long been heavily dominated by tfraater, which re-
mains the instrument of choice for many visual observeis.not, indeed, hard to
find statements backed by the highest authority allegingftinahis type of obser-
vation a reflector must be of substantially larger apertomatch the performance
of a refractor of given siZe There is, however, no basis whatever in optical theory
for such claims nor, as will shortly be seen, do actual resailthe eyepiece sustain
this perception of the reflecting telescope as second-citizsn. This chapter will
demonstrate that, and how, a reflector of good optical quatitintained in proper
adjustment, can be fully the equal aperture-for-apertiiesbest refractor, match-
ing the latter’s resolution to the uttermost limits of vidauble star astronomy,
at least on fairly equal pairs. It is not amiss to recall a$ ghdint that the study of
binary stars was founded by Herschel with reflecting telpss@nd that its current
limits have largely been set by recent observations witlectfig systems, both in
terrestrial speckle interferometry and in tHgparcosorbital observatory.

Present purposes would not be served by entering into thetiaéof the appar-
ently interminable debate over the relative merits of the thasses of instrument,
but there are important differences between their respgettiaging properties, and
handling characteristics in real observing conditionsiciwimust be recognised by
any observer who aims to push telescopic performance toriis] There are, ac-
cordingly, a few fundamental optical principles which mostborne in mind as the
essential context for what is said later in this chapter ifijpally about reflecting
telescopes. In particular, given the myths, misconceptamd dubious anecdotal
evidence common in the 'Refractor versus Reflector’ delitsgeems appropriate to
begin by stating clearly what are not the reasons for sigmifidifferences between
the two types - not, at least, so far as double stars are auedter

1 For instance, van den Bos stated that a reflector must hanear lperture 50% greater than that
of an equivalent refractor.

85
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One such notion holds that residual chromatic aberrati@enssrious limitation
to the defining power of refractors with simple doublet O,@rgd that the reflector
therefore has a marked superiority in this sense. That theirefact, no theoretical
justification for this view in the case of any refractor offstiéntly long focus to be
used for high resolution imaging (s#10, at least, for smaller apertures rising to
/18 or so for large instruments) has been known at least siecerork of Conrady
(1) . It was shown there that moderate levels of defocussinly as may be induced
by secondary spectrum in such a refractor, that is up to oageywor even one half
of a wavelength phase-lag, does not significantly alter thmdter of the Airy disk
formed by the telescope, despite its intensity decliningceably. Effectively, the
chromatic dispersion of focus is lost within the depth ofdsmaturally allowed by
the wave theory; this is the reason why image definition iscmgn refractors de-
spite secondary spectrum. The result is that resolutiorigintontrast targets such
as double stars is fully maintained, even if some low-catfine detail may be lost
in planetary images. That this conclusion is fully bornelmypractical experience
is convincingly demonstrated by the magnificent achievemenhigh-resolution
double star astronomy of the best visual observers usingighrefractors: one only
need think of the Lick 36 -inch regularly reachin}. 0. in the hands of Burnham,
Aitken and Hussey. Indeed, one of the greatest of recentwdrsef visual binaries,
Paul Couteau, seems from the remarks in his well-known b@pko(consider the
secondary spectrum of refractors to be a positive advan@garly, three colour or
apochromatic correction, whatever its benefits for the dgelatively short focus
instruments in planetary imaging, is for the double starobe an expensive and
dispensable luxury - the classical long focus doublet Cs@are than equal to the
task required.

The effects of central obstructions, often alleged to dégaaging quality of re-
flectors quite seriously compared with that of refractoas, similarly be dismissed.
By blocking a small central patch of the incident wavefrahg secondary mirror
of a reflector removes a minor portion of the light from thadqess of mutual in-
terference at focus, which otherwise produces a standagddiffraction pattern.
The result is that an equal amount of light which would pragig have interfered,
constructively or destructively, with this obstructed fomm in the process of im-
age formation must now be redistributed in the Airy pattétrfiollows on simple
grounds of energy conservation that the amount and locafidinis redistribution
of light in the image is essentially identical with the inség distribution in the im-
age which would be formed alone by just the light that hasalistibeen blocked -
a statement familiar to all students of diffraction theosyBabinet’s principle (the
Complementary Apertures theorem)(3). One can immediatsyfrom this that, for
the fairly small central obstructions of most reflectorg #mount of light redis-
tributed in the image must be very small and, as the poirgagpfunction of the
obstructed central zone is very much wider than that of tHaferture (in inverse
ratio to their diameters), this small amount of light is detiéel from the Airy disk
into the surrounding rings. It is, therefore, quite impbksior a secondary mirror
blocking, say 5% of the incident light, to cause a redistidouof 20% of what re-
mains from diffraction disk to rings, a change which woukelf be near the limits
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of visual perception even on planetary images. This is tlse cha ‘22.4% central
obstruction’ in the linear measure usually applied to dis@ns of this issue, and
even this is decidedly on the large side for most Newtoniah$sast, off/6 and
longer.

Central obstructions are not in fact the only possible cafigxcess brightness
in the diffraction rings nor, probably, indeed, the most artpnt single cause in the
vast majority of reflecting telescopes. The effect of deeiabf light from the Airy
disk into the rings is quantified by the Strehl ratio, a par@meommonly used as a
measure of imaging quality and as a basis of optical toleraniteria, which is the
peak central intensity of the diffraction pattern actudtiyned by an instrument,
expressed as a fraction of that of the ideal Airy pattern apipate to the case. The
essential point here is that any small deformations, W, efthvefront converging
to focus, whether arising in the telescope from surfacerewbthe optics or from
aberrations, will reduce the Strehl ratio and so cause the &f effect commonly
attributed to 'central obstructions’. According to Mah@t's theorem, this deviation
of light from disk to rings is proportional to the statisti#ariance (mean square) of
the wavefront deformations, W, thus:

Strehlratio=1— i\—n:.varw

This approximation holds for W values up to about the Rayléigarter wave’
tolerance limit and in that range is independent of the maddithe wavefront de-
formations. More than half a century after Maréchal’s disry it is extraordinary
how little known this fundamental result(4) appears to rientathe practical world
of telescope users and makers.

In particular, it turns out that spherical aberration ($.&. small doses mim-
ics the diffraction effects of central obstructions partély closely, putting extra
light into the rings, while leaving the size of the Airy diskaltered. With S.A. just
at the Rayleigh limit, Maréchal’s theorem shows that thel8tratio will already
have dropped to 0.8, an effect fully as large as that of a 308traleobstruction.
The conclusion is that, unless a reflector is of very highagptguality and very
precisely corrected, or has an exceptionally large seagnaaror (or both) any
effect of the central obstruction will be swamped by that &.Sto say nothing of
other aberrations and optical errors. This is particulaifynificant in view of the
prevalence of residual S.A. in reflecting telescopes: ptdes mirrors tend to go
overcorrected in typical night time falling temperatures,older optics even from
professional makers are often undercorrected, delidgratee absence of a sim-
ple null test for paraboloids, and the acquired skill neagst interpret accurately
the results of the Foucault test at centre of curvature, rntestramateur made mir-
rors are often only very approximately corrected; and Gass$e systems, such as
the ubiquitous SCT compacts, which focus by moving one oftlaén optical el-
ements, necessarily introduce correction errors for #finggs except that in which
the principal focus of the primary mirror coincides exaatiyh the conjugate focus
of the secondary. There is a very interesting field surveyeféffects of residual
correction errors on performance of reflectors (5). A furthant here is that S.A.
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is proportional to (aperturé) focal length, so the claim that the *cleaning up’ of the
image in a typical reflector by use of an off-axis unobstrd@perture proves that
the secondary mirror is responsible for the less-thantidezge at full aperture is
obviously a misinterpretation of the evidence: simply bypgting down, both S.A.
and 'seeing’ effects are drastically reduced, naturallyingj rise to the observed
changes in image quality.

These conclusions are entirely vindicated by practicaéerpce. In the 12-inch
(0.32 m)f/7 Newtonian with whose star images this author has beematdly fa-
miliar since the 1960’s, increase of the normal 16% centoatroiction to 32% has
no perceptible effect on the diffraction image of a first magie star, although
the brightening of the rings has become very obvious at 60%trettion. Again,
a deliberate trial of this question was made by side-by-sidetests, on the same
bright star, of a 4-inch refractor and a 6-inch NewtonianihgwB7% central ob-
struction. With both instruments showing a beautifully deél Airy pattern at x200,
the greater relative intensity of the rings in the reflectas\wso small as to be barely
detectable even after many rapidly alternated comparisbebould be noted that
even this rather large obstruction only stops about 1/7@frthident light.

In short, the unavoidable presence of a central obstruitiorost reflectors does
not limit their resolution, or make it inferior to that of rattors of equal aperture.
On the contrary, by stopping out the centre of the mirror,ritteman separation of
the points on the incident wavefront is increased, theraayehsing the size of the
Airy disk which arises from their mutual interference, se tiesolving power of a
reflector on fairly equal double stars is actually greatentthat of a refractor of the
same aperture, other things being equal. In truth, thisffstt is almost negligible
for central obstruction much below 50% but it may surprismeaeaders to learn
that for the highest resolution on equal pairs this authdibeiately stops out the
central 72% of the telescope’s aperture 9-inch central obstruction on a 12-inch
reflector! Of course, such doubles are extreme high contzagéts and therefore
react quite differently to such treatment, compared witlinpts or even unequal
double stars, whose resolution would be seriously impdisethis tactic.

To bring this discussion to its conclusion, the real differes between refractors
and reflectors which are important for high-resolution imggf double stars are
very simple and very fundamental: refractors refract, ehéflectors reflect and
refractors do this at four (or more) curved optical surfaagsgainst only one in a
Newtonian. These two facts are so obvious that they are @tered but they are,
far more than any other factors, truly the crux of the matiexdmparing the optical
performance of the two main classes of instrument.

That image-formation is, in the one case, by refraction, amdhe other, by
reflection has radical implications for the relative imniyrof the refractor from
image degradation due to surface errors of the optics, whetiising from inaccu-
racy of figuring, thermal expansion or mechanical flexur@nKimg in wave terms,
one can say that the function of a telescope’s optics in fiegnai good image of a
distant star is simply to cause rays from all points of theplwvavefront incident on

2 None of the double star results given later were dependetititrick however
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the aperture to travel exactly the same number of wavelsr(gtttical path-length)
in arriving at the focus, so that they may interfere condivety there and form
a bright point of light. That is all there is to image formatim the wave theory,
whether by refraction or reflection (and this is preciselywésults like the Airy
pattern and Maréchal’'s theorem arise) - arrival in phasallofays at focus. The
refractor achieves the necessary phase delay of the nidrays, relative to the
peripheral rays which must follow a longer route to focus,imgrcepting them
with a greater thickness of dense optical medium to equakss and peripheral
optical path lengths. That is to say, the telescope uses\egdens. The reflector
attains exactly the same result by bouncing the axial ragk ba to focus from
further down the tube than the peripheral rays, that is,@susconcave mirror.

Itimmediately follows that this differential phase-delayd hence quality of im-
age, is dependent on thickness of the O.G. at any pointveladithat at its edge,
in a refractor, but on actual longitudinal position of thermoi surface relative to
the edge, in a reflector. Further, errors of glass thickne#ss first case only cause
optical path length errorqu(- 1) times, or approximately half, as great while errors
of surface in the second case are doubled on the reflectedravaijeas such errors
are added to both the to and fro path length. Consequentghi@ve any particular
level of wavefront accuracy var (W), and thus image qualify faréchal’'s The-
orem, above) in a reflector requires optical work roughlyrfiltmes more accurate
than in the case of a refractor and, for exactly the same nedise latter is about
four times less sensitive, optically, to uneven thermalaggion of its objective.
Lastly, because mechanical flexure does not alter thickoiear O.G. in first ap-
proximation, while it has an immediate and direct effectaal position of surface
elements of a mirror, refractors are hugely more resistatiié optical effects of
flexure (6,7) .

That refractors share the work of focussing light betweeleadt four curved
surfaces, compared to only one in a Newtonian, is equallgdomental and takes us
to something which will be the central theme of the next fewgsa optical aber-
rations and their avoidance or management. The requiretnana curved mirror
surface return all rays incident parallel to the opticakamifocus with equal optical
path lengths, so forming a fully corrected image there - ssudised above - is alone
sufficient to determine uniquely the form of that surface.&kysimple geometri-
cal construction shows that the mirror must be a parabolbidvwlution. In other
words, the requirement that axial aberrations, speci§iclA., be zero defines the
optical configuration uniquely and leaves no adjustablampaters free for reduc-
ing or eliminating off-axis aberrations (apart, trivigliyom the focal length). The
result is that all reflectors, Newtonian, Herschelian, émprfocus, having only one
curved optical surface, necessarily suffer from both conthastigmatism. Unless
other adjustable optical surfaces are introduced intoyteem, nothing can be done
to mitigate the full force of these off-axis aberrations aslwill be seen in the next
section, coma severely limits the usable field of view of @tgboloid reflectors
and makes them hypersensitive to misalignment of the oftmmation errors).
A refractor objective, by contrast, possesses at leastifol@pendently adjustable
curvatures and opticians have known since the time of Frafentmow to use this
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Fig. 1: Coma=0.25 wave

Fig. 11.1 A quarter wave of coma

freedom to eliminate both the axial aberrations and comihgrso-called aplanatic
objective’. Most quality refractor O.G.s are nearly or quite aplanagiaving only
astigmatism as the factor limiting field of view, a very muekd serious constraint
which leaves most refractors with a far larger field of catidefinition and far less
sensitivity to collimation errors than all Newtonians, east. Compound reflectors
such as Cassegrains or catadioptrics represent a halfagg ist this sense between
Newtonians and aplanatic refractors but most of these paytite of decreased
(rarely eliminated) coma in increased trouble from S.A. @arising from miscol-
limation in reflectors is perhaps the most obnoxious of adlredtions to the double
star observer, as it rapidly destroys the symmetry and defindf the star image:
even wave of coma, that is just at the Rayleigh tolerancayite gufficient to make
the diffraction rings contract into short, bright arcs allane side, an image distor-
tion quite unacceptable for critical double star obseoratisee Fig. 11.1 (8).

What all of this amounts to in practice is that a reasonablif-meade Fraun-
hofer achromat is a hugely more robust instrument than aaypeflector in the
face of the thermal variations, mechanical flexure and isliftollimation which
commonly arise in real observing conditions, and so can liedrepon far more
than the comparatively delicate, fickle reflector to delétical definition at a mo-
ment’s notice with minimal cosseting and adjustment. Ii$® anore likely to meet
the optical tolerances necessary for such diffractiontéichperformance. These are
the reasons why the refractor has so often been the firstefmiobservers of close
visual binaries.

3 The need for multiple-surface adjustability to minimizeattions is, of course, the reason why
all short-focus wide-field imaging units such as cameradsresd wide-field eyepieces must have
four or more components.
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However, as will be seen shortly, none of this implies an itaéNe inferiority
of the reflector in this field of astronomy, for good optics gmdper management
of the instrument will easily hold in check all those advefaetors to which the
reflector is more sensitive, to an extent quite sufficientetiver star images equal
to any seen in a refractbAll the supposed optical defects of the reflector are re-
movable or fictitious and, of course, a good 0.3-m reflectélgscope is a far less
expensive item than an equally good 0.3-m refractor! Fachizey the observational
limits, however, the unrelenting emphasis must be on quagitics and their proper
management, in particular to maintain accurate collinmagio that all high power
images may be examined truly on axis, free of the dreaded cbisis the subject
of the next few sections. What follows is largely based oneeigmce with a New-
tonian reflector, with which this author has done most of loishile star astronomy,
but results comparable with those reported here are prgbatiiin reach of good
longish-focus reflectors of virtually any type, given thensaaperture.

11.2 Coma and astigmatism

For a paraboloid mirror, the angular expansion of an imagadeomag¢, depends
on the telescope diameter D and focal length f by the follgwalation:

3,D,

&= Z(E) tanf

where@ is the angle of the incident ray to the optical axis. The aagexpansion
of the image due to astigmatism is:
D
2f

For the case near the optical axis ¥R~ 6 in radians and so in this case these
relationships simplify to:

tan’6

o=

36 6
= — n =
T = L=
where F =f/D is the focal ratio.
It is more convenient in practical terms to express the arglistance off-axis

in arcminutes and the aberrations in arcseconds, when shedsult becomes

11.256'
E = ?

4 With the possible exception of some enhancement of theadtffin rings in reflectors exhibiting
resuidual S. A. If this is the only fault, the telescope widrform just as well on double stars
but faint companions may be swamped. For this reason, a ggaattor will often outperform
a reflector on contrasted pairs even when the two instrunsetsibsolutely matched on equal
doubles.
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This is in close agreement with Bell (9) . Sinéeis linear in 8, whilst o is
quadratic, it follows that, on moving off-axis, coma is ajsahe first aberration to
appear and that, for the sméllvalues with which we are concerned, astigmatism
is generally negligible compared with coma for all exceptnaxtreme focal ratios.
Their ratio iso /& = 8F6/3 which, for example, only reaches unity at /6 rather
more than 3.5 degrees off-axis andd®9.1 at this f ratio out t@ = 21.5 arcmins. A
Newtonian showing astigmatic star images is, therefotheegrossly misaligned
- to the point that the reflection of the diagonal in the maimramiwill be wildly
eccentric - or has a badly distorted optical figure.

11.3 Impairment of resolution/image quality.

Bell (ref. cit, page 95) says that resolution will be notislyampaired if the off-
axis aberrations (which the image may exhibit even at théreef the field due
to imperfect collimation) are approximately equal to thepainal resolution limit
4" 56/D (Dawes limit). Despite some statements to the copinethe literature (e.g.
Sidgwick 1979, p.51.) there is no doubt whatever that thisiéon is true, as is fully
borne out in my experience by a good deal of very exacting ldostar observation
at the 0.3 - 0.4 arcsecond level with an f/7 mirror of 12-irck@meter. Thus to
achieve full resolution we must operate on or near the trtieapaxis, at

0 < Bmax

wherefmnax is the angular displacement off-axis at whigi o = the Dawes limit .
In view of the comments above regarding the smallness, afe can approximate
this condition closely by the simpler = Dawes limit (first order approximation,
valid for all normal f ratios) which, with all angles in radis, is

30  221x10°

16F2 D
where D is the aperture in inches.
Hence
B — 1.18 x 10 4F?
D
or in arcminutes:
B — 0.4052
D

This angle is the limitation to field of critical definition ted on the optical
axis and is, therefore, also a measure of the maximum angtriar which can be
tolerated in collimation of the telescope’s optics;spealfy, in the squaring-on of
the main mirror. The noteworthy point here is the extremehal value of this
angle even for unfashionably long Newtonians (which, ofrseuare far better in
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this sense (since
BOmax 0 F2

), far smaller in fact than the attainable tolerance of thé¢hmes of collimation in
general use: for the 12-inch at f/7.04, the formula gifggx = 1.6 arc minutes - a
value again fully borne out by my observational experi€nte fact, | would say
that for really critical double star work right at the limif gesolution on a Class |
or Il (Antoniadi) night, aberrations become quite notideadven at half this level,
so reducingPmnaxto 0.8 arcmins i.e. 48 arcseconds - about the size of Jupdesk!
Furthermore, as this angle varies as the square of thedf-thé modern generation
of short-focus Newtonians are at a huge disadvantage heré enprobably true
that no Newtonian at f/5 or below will ever, in real observicgnditions, reach
anything approaching its limiting resolution. Even if oreguarantee the hyperfine
collimation tolerance demanded (and in my experience thesteuments are used
most of the time with squaring-on checked onlyt6.5’or worse, i.e. only the first
approximation to collimation is carried out), the objediserved will almost never
lie in this minute axial patch of the field of view.

Under what conditions will the first order approximation e@or Omax be valid?
We may reasonably say that astigmatism is negligible if, &§ < 0.1 and this
imposes the condition that

F Bmax < 3/80

which on substituting the first order approximation 8aax (in radians) yields
1.18x10*F3/D < 3/80

. Thus the mathematics is self-consistent, and the firstroeseilt forGmayx is valid,

if and only if F3/ D< 318. For the 12.5-inch telescope this parameter has the valu
F3 /D =27.9 - well within t he 'coma-dominated’ regime. In faihere is no focal
ratio of Newtonian likely to be encountered in ordinary astimical use, in which
the off-axis limitation to field of critical definition is du® anything other than the
onset of essentially pure coma.

It is worth bearing in mind a few numerical values of this fie2@nax, as given
by equation 11.3 for some common Newtonian configuratioisaBmin. for a 6-
inch at f/8; 3.6 arcmin. for an 8-inch at f/6; 2.0 arcmin. fdk@&inch at /5. Equation
11.2 then implies that at the edge of a field n times wider thés) the aberration
will be n times larger than the Dawes limit.

11.4 Practical and observational consequences.

Of prime concern here is not the issue of obtaining the largessible field of
view from the telescope at full resolution, since wide-fieldservation is, almost by

5 This implies a maximum field of critical definition of 3.2 arinm compared with an actual field
of 2.4 arcmin. on this instrument at the power used for sigegand pairs (x825)
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definition, not high resolution imaging. In any case, most®have to make do with
the fixed F and D of the telescope we have and are, therefak gfith the fixed
Bmax value those imply. The real issue for practical observihthe telescope is to
be used as a serious optical instrument and not merely agla 8ight bucket’, is
that of sufficiently accurate collimation of the optics tcagantee maximum image-
quality and full, unimpaired resolution somewhere (pralidy the centre!) in the
field of an eyepiece of sufficient power to reveal that resoiuib the eye. If, through
failure of collimation, the optical axis of the primary norfalls outside such a field
by more thanfmax , the telescope will never reach its limiting resolution lever
good the 'seeing’ may be and even this is a hopelessly slafiigyion since it allows
nothing for the aberrations of the eyepiece when used faaxdff. The matter is
certainly not trivial as typical fields of these very high paveyepieces are only of
the same order of magnitude as ?max itself.

The usual collimation procedure (10) of looking into theetalope in daylight
through an axial pinhole and centering/ rendering conaettte reflections of the
main spec in the diagonal and of diagonal in main spec wiltaifried through
carefully, bring the optical axis into coincidence with tbentre of the eyepiece
field to within a tolerance of order 10 arcminutes. At thismipthe telescope, if of
good quality, will very likely yield quite pretty and satjsig images even of planets
at moderately high powers (approx 20 per inch of aperturd)stars will appear
round or pointlike up to about these magnifications; it wdk,rhowever, reach the
limiting resolution for that aperture, falling short of $hby a factor of 2 or more in
all probability. This is well illustrated by a typical expence with the author’s 12.5-
inch. After full collimation on 1996.80, the telescope cdatply split and separated
y? Andromedae (O 38) at x825 in good but not perfect seeing, vihempair was
at 0.50 arcsec. A few nights later, after a hurried settipgruwhich it had not
been possible to complete the final stages of collimaticgrethvas no trace of the
companion visible at that power in the same instrument, itkespperlative seeing
and the star on the meridian. The residual aberrations witatted out the little star
on this occasion were nevertheless still so small as to bepletety inappreciable
in planetary images; Saturn that night was magnificent ax35

To go beyond this sort of 30 - 50% performance there are twihduarstages
which must be completed, what one might call 'fine collimatiand 'hyperfine’,
the first a refinement of the usual daylight procedure, thersaising night-time
star tests. No progress can be made on either of these uhkessléscope is fit-
ted with fine adjustment screws controlling the squaringyathe main mirror cell,
which are themselves driven by controls within comfortalelgch of the eyepiece.
N. B. it is vital that the observer is able to alter the attéwd the main mirror at will
while looking through the eyepiece. Given how very simpls ib contrive this on
the majority of Newtonians, it is remarkable how few instents, commercial or
home-made, are fitted with the necessary gear. Having egdithge telescope with
this, one can proceed with daylight fine collimation. Mark tentre of the main
mirror surface (pole of the paraboloid) with a round spoteaist 1/8 inch across -
Tippex is very suitable - the precise size is of no importamgewhat is absolutely
vital is that it be plainly visible from the eyepiece dramgilbe exactly concen-
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tric with the pole of the mirror and be fairly accurately citar. Point the telescope
at the daylit sky and look along the axis of the drawtube, eately defined by
a 'dummy’ eyepiece or high power eyepiece from which the dsrisave been re-
moved. Having made the usual adjustments to the diagorathesmirror-tilt fine
adjust screws to move the reflection of the diagonal in thexrspéc until its centre
falls exactly on that of the Tippex pole-mark. This shoulddome by winding the
adjust screws, and hence the reflection of the diagonal,ddrarrepeatedly while
watching through the drawtube, until absolutely satisfiedoonplete concentricity
of diagonal-reflection and pole-mark - so far as the eye cdgguThis will probably
have taken collimation to within 2 or 3 arcminutes of targ@étof this assumes the
mounting of the diagonal to be rigid, without perceptiblayplthe small shifts in po-
sition (e.g. rotation about the optical axis) of a floppy diagl can easily introduce
randomly changing collimation errors of 10 arcmins or meredefeating all one’s
best efforts. Nor can it be assumed that collimation is aremqfent necessity, let
alone a once-for-all ritual; even a permanently mountetlunsent is subject to fre-
quent shifts and distortions (mechanical flexure, thermsphasion and contraction
etc.) at the arcminute level and my personal experienceaissttrious attempts on
subarcsecond double stars require re-collimation at ebshreing session. How-
ever, once in the habit of it, the process takes only a coujphitautes - hardly a
major chore.

For the final, hyperfine stage one has to wait for a class | dkrtgniadi) night,
to push the telescope to its absolute limits. This stagefisporse, only relevant
to observing on such nights, in any case. Charge the telestibp a power of x50
to x80 per inch of aperture (e.g. 1/4 inch eyepiece and Baploshed well in) and
focus on a second or third magnitude star. An immediate fietfteoquality of the
telescope is that even at this power the star should comglyctis focus so that
the central disk is almost pinprick-like (this may well berswnded by a fainter
and much larger fuzzle of instrumental and atmospheridroibgt ignore that to
start with) and unless the instrument is of uncommonly lomgtio there will be
virtually no depth of focus - the tiniest displacement of gyepiece in or out will
noticeably de-focus the star im&ge

Itis, however, the diffraction rings which are far the mastsitive indicators of
image degradation due to atmosphere, bad optics or impedéiznation , which
is why one so rarely sees the ideal Airy pattern of the bookieureal ‘field’ con-
ditions - and which, rather than the central disk, are tleeestised for monitoring
hyperfine collimation. The rings are, in particular, extedynsensitive to coma due
to miscollimation and will show a very pronounced lopsideskat a far lower level
of maladjustment than is needed to make the central disk gjblyiout of round.
The result in a Newtonian can be a really quite serious logsgailution as all the
light previously distributed evenly and symmetrically anal the rings is dumped
into a collection of much brighter short arcs all to one sitteating a sort of false
image several times the size of the Airy disk. It seems thatdbgree of comatic

6 The theoretical depth of focus isS8F?AA whereAA is the maximum tolerable wavefront defor-
mation arising from malfocus (1). If we adopt the Rayleigletance limitAA = A/4, this becomes
+2F (e.g.+99) at f/7, which is just over 0.05 mm.)
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Fig. 2

Fig. 11.2 The effect of slight miscollimnation in a reflector

distortion occurs at about the 2 - 3 arcminute level of caliion error one can hope
to achieve at the fine collimation stage - depending, of eégus f-ratio but that is
my experience at f/7.

Assuming that fine collimation has been carried out with eigfit care and that
the optics are of reasonable quality, a close look at the twiafazzle surrounding
the main star image should reveal that it is at least parthymmsed of very roughly
concentric bright arcs vaguely centred on the star disk. Neatonian of typical
proportions there are likely to be 3 or 4, quite bright (oftelot brighter than the
theoretical Airy ring pattern, as noted in section 1) and willbe doing extremely
well at this stage to see them as arcs of more than about 128efedJnless the
night is a true class | (i.e. very rarely at most sites) thgsiare not easily seen on
full aperture the first time one tries this; they will be fragmted, distorted crinkly-
wise and constantly on the jitter. If previous adjustmeitgehbrought the telescope
within 2 or 3 arcminutes of true, you will be operating by noweliwithin the
coma-dominated regime discussed earlier and an idealessibn of what you will
see (ignoring atmospheric interference) is thus:

What you almost certainly will not see is a complete set afidar rings.

Coma in a Newtonian off-axis is external; that is to say tgktlof the diffraction
rings is displaced to the side furthest away from the optagé. The remedy to the
state of affairs shown above - the final hyperfine collimatios therefore simple
(in principle!): while keeping close watch through the eigee, wind the fine-adjust
controls on the main spec very slowly so as to displace thertisl image thus:

re-centering the star in the field as this adjustment praxzdedhay well be that
the outer arcs will disappear during this process but theomapt thing is that the
innermost arc should expand tangentially so as to encingecéntral image as a
complete ring of uniform brightness. If that state is achigvyou will be in the



11.5 On the possible occurrence of astigmatism in star. tests 97

Fig. 3

Fig. 11.3 Correcting the miscollimnation

fortunate position of having a telescope which will reveetadl right down to its
diffraction limit - atmosphere permitting!

It should now be evident why such insistent emphasis wasgdlaarlier on the
need for the collimation controls to be within comfortab&ach of an observer
actually looking through the instrument, for without sucbyasion fine collimation
will obviously be almost impossible and, in view of the veiginpowers needed
during this stage, hyperfine collimation will be absoluteiyt of the question. This
last stage of collimation, using the structure of star insageust be conducted with
the telescope at full aperture but it may take some initiatpce for less experienced
observers to see the relevant details of the diffractiotepatReaders unaccustomed
to such high-power observation and to the appearance ofitiggiAgs may find it
helpful to follow the suggestions made in section 6 belowobefttempting star
tests and hyperfine adjustment.

11.5 On the possible occurrence of astigmatism in star tests

The plain fact is that there shouldn't be any. Provided thatdptics themselves
are of true figure, coma is the only image defect which can ofmmusmall devia-
tions off-axis due to imperfect collimation of a Newtonidy the time that even
rough collimation has been done, the instrument should Bewithin the coma-
dominated regime, as explained above. Conversely, to nslggraatism dominate,
the telescope would have to be miscollimated by an angledsr@ = 3/8F which
is huge compared with the alignment tolerances discusseekalit this point the
image distortions due to off-centering would be huge théwese stars would ap-
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or this: or this :

Fig.4

Fig. 11.4 Correcting the miscollimnation

pear all sorts of curious shapes even on the lowest powerseantiition would be
degraded to tens of arcseconds - and the crudest of rougimatitin by eye would
eliminate the problem. In other wordanall image distortion in a Newtonian due
to small errors of collimation is never astigmatism.

If, nevertheless, the star image during hyperfine collioratooks fixedly like
this

(in order of increasing badness) then you have got a smadl dbastigmatism.
As it can't be due to miscollimation, it must be due to digtortof figure in the
optics but remember that there are four components to theabptain: main mir-
ror, diagonal mirror, eyepiece and your eye. It should béegeasy to determine
which of these is responsible for the problem, since all pktiee diagonal can be
rotated about the optical axis without affecting the coditian: whichever rotating
component carries the axis of symmetry of the cruciform ienadh it, is the vil-
lain of the piece and has a distorted astigmatic figure. # dwies turn out to be the
main spec, it is still not cause for despair since the comlitnay be temporary and
remediable and, in any case, if it is only as 'bad’ as the fiiagihm above it will
have negligible effect on telescopic resolution and oneccanfortably live with it,
even if permanent i.e. the telescope is still a good one.dukshbe noted that the
machine-generated images in Fig. 11.4 are something ofoadtieal ideal, as they
have been computed only for exact paraxial focus. In reastigmatism is more
likely to be noticed as a distinct elongation of the star diglen slightly out of fo-
cus, this elongation reversing on passing through the foggit. This is the most
characteristic symptom of astigmatism and is very pronedmwen in the first case
depicted above, in which the focal star disk remains viyuahaffected.

Temporary astigmatic distortion of the main mirror can be tw a variety of
causes but principally three: uneven thermal expansiotraction in changing tem-
peratures, pinching or stressing of the disk due to overtigimping or fit in the mir-
ror cell and flexure of an inadequately supported disk uridemwn weight. Thermal
effects can easily, and frequently do, bring about a mi@esitransformation of a
very good mirror into one for which there are no words in mosbciety; unfortu-
nately it never works this alchemy in reverse! If afflictedtwthis malady, there
is nothing for it but to pack up for the time being while thetiredaxation takes its
course or, perhaps, to pass the time with some undemandaingdwer sightseeing.
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One can, however, take common-sense precautions to awsié tecipes which cre-
ate the problem in the first place, the two worst and commdredst indoor storage
at, say, 20 -25C of an instrument that may be called into play at a momentEeao
outdoors at 5 C or below, and inadequate ventilation and other provisiontem-
perature stabilisation in small observatories havinggxfiosure to the noonday sun
- heating one’s telescope to perhap$s @is not a good preparative for high-class
images a few hours later!

Mechanical distortion, whether due to pinching or to lackdéquate support of
the disk, is essentially a question of mirror-cell desigd amanagement, which are
dealt with extensively in the large literature of telescopaking. There are two basic
principles which cannot be overemphasised. Firstly, pasitlamping of a mirror
in its cell will almost always impair good figure and shoulddided. Secondly,
gravitational flexure of a disk of thickness T scales 4B, so increasing rapidly
with aperture D even for a constant thickness-to-diametigo (T/D). The imme-
diate consequence of this last point is that the requiresnfentadequate mirror-
support grow rapidly with size of disk from 3-point suppotish may suffice for
full-thickness mirrors up to 10 or even 12 inches diametet or 27-point which
is necessary for virtually all mirrors of 20 inches and aboMee current fashion
for lightweight, thin paraboloids is very much more demagdin this respect and
it is unlikely, for instance, that a 10-inch of 1 inch thiclasewill attain the levels
of performance referred to here if carried on anything lessita 9-point support
system.

Such optical woes are emphasised in this chapter becausetoedl are very
much more vulnerable to these conditions than refractenspged earlier. The con-
clusion does not follow, however, that Newtonians are infdo refractors in all the
most challenging fields of double star observation. On tindraoy, all the causes of
temporary distortion or misalignment of mirrors are avbigaand a good Newto-
nian well managed will reach the Dawes limit just as well ag @&fractor.

11.6 How to see the diffraction limit of any telescope.

" Seeing is in some respect an art, which must be learnt.i&xillHerschel 1782
The Airy diffraction-pattern is not easy to observe astroigally in its full and
perfect glory - practically, never in anything other thamaa#l telescope (less than

about 5 or 6 inches in aperture, the comments below refemiimgarily to larger
instruments) under virtually perfect seeing conditionthédwise the best one can
hope for is a partial, flickering view which it may take longoexience as a telescope
user to recognise as ‘diffraction’ rather than seeing hiutook this author over
20 years with the same 12.5-inch mirror. The rings, in paldic are incredibly
sensitive to atmospheric distortion, incomparably moréhsm the diffraction disk
itself, and simply vanish without legible trace in Newtamsaf typical amateur size,
the moment the seeing falls below | or Il (Ant.). Itis thenefof great value to have
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Fig. 11.5 The Rayleigh limit aperture mask

a means of displaying these and related effects at the |étle telescope’s limiting
resolution much more clearly, and so to train the eye to seetare at this level.

The first stage is to learn just what the resolution limit oésrielescope actually
looks like, just how tiny this really is, how very much smaltBan the usual star-
image as seen on 90% of nights. It is very easy to go on usingsctegpe for years,
especially if only using powers up to 20 or 25 per inch of apextfirmly under
the impression that the 'splodge’ one sees a star as at lmst ém typical nights
is the diffraction disk and that, even if not, there will befireer level of structure
visible in the image. This is wrong even as a rough approxonabut may be a
difficult lesson to unlearn and require a change of obserkmlgts. The agitated
‘fried egg’ which one sees in apertures over 6 inches on a@épithe very finest
nights is nothing whatever to do with the true diffractioreige, either as to size or
structure. Nevertheless, on all except the worst nightstrile limiting-resolution
star disk is visible, buried in the heart of the obvious imap#te accessible (at least
in ‘flashes’) to a trained and sufficiently agile eye, perhagactor of five smaller
than the ‘splodge’. However, no amount of general starggawitl bring about this
training of the eye, for which specific exercises are reglire

A great aid to this first step of adjusting the eye to the schiketrue diffraction
image is a simple aperture-mask of this form:

cut from a sheet of any stiff, opaque material and placed tineaperture (diam-
eter D) of the telescope. Each of the segments symmetricatlgut of the mask is
bounded by a circular arc of diameter D struck from a centrehBrev OP = 0.820
D. A fabrication accuracy of: 1/16 inch is perfectly adequate.

With this applied to the telescope, one has a Michelsonastaiterferometer
specifically designed to produce interference fringesrtagispacing exactly equal
to the Rayleigh diffraction limit 1.22/ D for that telescope. Observe a first magni-
tude star (not a close double!) with this at a power of at |é@gier inch of aperture
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Fig. 6

Fig. 11.6 The spacing of these fringes equals the resolution limiheftelescope at full aperture,
according to the Rayleigh criterion

(40D), focussing carefully. This time, it is not necessaryait for a night of first-
class seeing, as the interference fringes ‘punch througlseking’ to an extraordi-
nary degree, a surprising and rather curious fact commemtegt many users of the
interferometer since Michelson himself in 1891. What yoll sée is an enlarged
and elongated diffraction disk divided into extremely fingght fringes, perhaps as
many as 10 or 11 in all, thus:

Unless you have done something like this before, you wilbpiay be surprised
at how small this scale of image structure is - in all prokigbd lot smaller than
the star images usually seen in the same telescope. The fination required to
separate these fringes clearly will depend on your visugityeand this observation
provides an interesting opportunity to test the questiosoetalled ‘resolving mag-
nification’. The majority of observers will almost certajirfind that the commonly
alleged figure of 13D to 15D is hopelessly inadequate and snayeneed 50D or
more.

Having accustomed the eye to the appropriate scale of intageisre, the next
stage is to become thoroughly familiar with the Airy difftian pattern itself. This
is made much easier if the pattern is enlarged relative teth& of the seeing by
use of a series of circular aperture stops reducing thectgbess entry pupil to D/4,
D/2, and 3D/4. It is advisable when doing this with any refdedtaving a central
obstruction to make both the D/4 and D/2 stops off-axis ireotd keep vignetting
by that obstruction to a minimum. On a night of seeing | or Ih{Afocus the tele-
scope on a 2nd or 3rd magnitude star with a power of at least blhP author’s
standard working power for this type of observation is 66 D82%) and keep this
same magnification on throughout, while examining the imsgecessively with
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apertures of D/4, D/2, 3D/4 and D. If the telescope is of goodlity and prop-

erly collimated, you should have no difficulty at all in segim nearly perfect ‘text
book’ Airy pattern with the smallest stop: a big, round cahtfisk (not in the least
point-like at this power of 200 or more per inch of apertured)ssharply defined,
and surrounded by several concentric diffraction ringsieemely fine even on this
power, nicely circular and separated by perfectly dark sky.

On running successively through the larger apertures 24 and D this Airy
pattern will shrink dramatically and, unless the seeing @redcollimation of the
telescope are perfect, it will also suffer a progressiverdatation. The result on
full aperture is unlikely to bear much resemblance to thalideage shown by D/4,
even ignoring the difference of scale, partly due to the myrelater sensitivity of
the larger aperture to atmospherics and 'seeing’, andyparthe almost inevitable
residual coma arising from incomplete collimation. Notattequation 11.1 implies
that coma at full aperture D will be 16 times that at D/4 for $hene offse®, so that
an asymmetry like that shown in Figure 11.2, or worse, willvmoake its appear-
ance even where none was visible at D/4. Nevertheless, iitite is sufficiently
fine, it should be possible with persistence to recognisesdoace of the pattern of
disk and rings even on full aperture. Now is the moment torreta the business
of 'hyperfine’ collimation discussed earlier, completidnahich should result in a
perfectly round Airy disk, at least, even though the ringsihaperture are unlikely
ever to be as clean as those seen at D/4. The telescope wilees the Dawes
limit if and only if this state is achieved; if the Airy disk ablutely refuses to come
round as a button the instrument is defective and considenaill need to be given
to the possible causes of image distortion discussed iipsestor, in worst case
scenario, to the imperfections of the main mirror itself.

The final stage of this ocular training programme is to learcdpe with the
seeing on more typical nights when the diffraction ringd b so fragmented and
perpetually on the jitter as to be completely unrecognisabere | refer to seeing
down to about lll (Ant.), the worst at which high- resolutiastronomy is possible.
But it is not in the end the rings with which we are primarilyncerned and the
emphasis on them here has been purely for their great sétysés a diagnostic
tool, for identifying and curing removable coma in the tetgse. The real image
is the disk and the fundamental point about that is that itfienostill there even
on second-rate nights when the outer envelope of the sedingniay reach sev-
eral times Dawes limit. Though then quite invisible to anexoer not specifically
trained to work at the diffraction limit, the Airy disk willilhe and again reveal itself
to a trained eye as an intense nucleus buried in the hearabféeing blur. The
object of the exercises suggested in this section is théiitls now be possible,
with some further practice on these more typical nights,davthat the untrained
eye never could - to pick out the true disk and ignore the apiesc 'noise’.

This last stage is perhaps the most difficult, though it sthawlt present great
problems if the earlier exercises have been successfuiyplaied, and the require-
ment now is practice on nights of less than perfect seeiragtioe, practice, and
more practice. In fact these ocular gymnastics soon becaiite gasy and instinc-
tive. It is probably in part the lack of such training and ocemsent failure to dis-
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tinguish the seeing blur (the gross image outline) from tile\asible Airy nu-
cleus which is responsible for the persistent myth thatrgekinits ground-level
resolution to 1 arcsecond at best, and is certainly the ronflisome of the more
spectacularly absurd figures one sees quoted for allegegkisiae. This author’s
experience of typical conditions at a very typical lowlaiite snay be of some in-
terest in this context: using a 12.5-inch Newtonian at 4@ éevation (130 m.)
in central England, an equal’ @5 arcsecond pair (such gsCrB in May 2000)
is steadily separated by a clear space of dark sky at x238&ingef only Il - I
(Ant.), while p.a. measures of pairs at 1.8 arcsec and betevraquently within
2° or so of subsequently verified definitive values even whers#eing is Il (e.qg.
138 Psc. Jan. 2000 agdUMa. April 2000, both at x238). These observations prove
that the mean angular size even of the gross outline of thgeraa seen under such
very middling conditions is no more than about 0.6 arcsethécentre of which
the smaller Airy nucleus is still fitfully visible. When thesing improves to | or Il
this accuracy of p.a. measures extends down to pairs at @écancgven slightly be-
low, and this is using the most primitive of home-made micetens on an undriven
altazimuth telescope.

When described minutely like this, the business of fineftgnihe capabilities of
instrument and observer is perhaps likely to appear a ratfterous road. In fact,
this could scarcely be further from the truth, as the tragjrohthe eye is essentially
once-and-for-all, while one soon drops into a virtually onscious habit of the col-
limation procedures described earlier, which then takeestyex few minutes at the
start of each observing session. While it must be emphasidbé strongest terms
that, as Herschel put it, “you must not expecste at siglit there is no obvious
reason why a new observer, starting from scratch and fatigwhe programme out-
lined in this section, should have any difficulty in attaigimfully trained eye within
a few months of commencing observations. | believe the vafitliee approach out-
lined in this section lies entirely in making that possibites certainly not necessary
for the process to take the twenty years it took this authd@h(ihe same telescope)
in the absence of any such detailed guidance!

11.7 Achievable results.

So, what sort of performance and results can one expect ffairlyatypical amateur
reflecting telescope, say of 6-12 inches or so aperture agdad optical quality?
Without the small investment of trouble in adjustment ofitiegrument and training
of the eye outlined in the preceding paragraphs, the fieldidéwoubles is open
to the observer, that is to say pairs from 1-2 arcsec upwdifsaction-limited
performance will not be attained by a substantial marginsarath an observer will
probably consider resolution of a 1 arcsecond pair somgtbira triumph, while
subarcsecond doubles remain an unattainable holy grathMewarding observa-
tion can be done in this rather undemanding way but that dign¢ which gives
double star astronomy its deepest fascination will be Igirigeking: motion. Very
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few of these wider pairs have orbital periods of less tharw@ers so the observer
limited to this type of observation is largely condemnedtmiging binaries as static
showpieces, missing out thereby on the grandest gravittimallet in the whole of
celestial dynamics. Adding the dimension of time, and beihlg to watch these
majestic systems actually in action, adds incomparablizeariterest of the obser-
vations.

The representative selection of this author’s observatioted below illustrate
what can be done with very ordinary amateur equipment indjisamic, subarc-
second domain, given the attention to preliminaries desdrabove. The instrument
used is the 12-inch (0.32-m.) Newtonian referred to eaaliet shown in Figs. 11.7
and 11.8. It has a plate glass primary mirror figured by GeGagjeer in 1908 which,
as discussed in section 1, was deliberately left undercmudy its maker, with the
residual spherical aberration consequently tending te igée to diffraction rings of
largely enhanced intensity. While as pointed out earlierefiect of this is to make
such a reflector no match for a good refractor on very unecaies pelow about 1.5
arcsec, the spurious disk remains at the ideal Airy size en &lightly smaller, so
equal (?m 1) close pairs can be resolved at least as well agfreator of the same
aperture. Accordingly, the results quoted are all for hgsmwhose components do
not differ by much more than 1 magnitude in light.

Lest the reader imagines that successful observation afssdcond binaries re-
quires an expensive professionally-constructed instniraguipped with the latest
hi-tech. conveniences, or that the author has enjoyed shi@ngages in making the
observations reported here, a brief description of thent®-will serve as a use-
ful counterexample. The telescope was entirely amateltrdmrme sixty years ago
and, although standing about 9 feet (2.7 m.) tall, has nesten housed in any form
of building or weatherproof cover. One result of this is thdiile the mechanical
structure of the instrument stands permanently on a canéoendation at a good
observing site in the author’s garden, the entire opticatesy must be stored in-
doors and mounted anew in its various cells, etc, at the begjrof each observing
session. This, of course, means that full collimation ofsy&tem is an unavoidable
necessity every time it is used - the telescope simply wooldwork otherwise.
Thanks to intelligent design, however, this entire optasgembly and collimation
routine only takes five minutes or so each evening: on thergémiew, Fig. 11.7
note (a) that all optics are mounted externally, and verylyeascessible, on the
‘tube’ which in reality is nothing more than a box-girder fagidity (b) the linkage
rods running from the inner corners of the fully adjustabkmmirror cell, up the
length of the tube, to the eyepiece assembly at the top; teesenate in the colli-
mation control knobs which can be seen at the lower cornettseoéyepiece turret
housing in Fig. 11.8 and make fine adjustment of squaringfdheomain mirror
while simultaneously looking through the eyepiece or dudogta very quick and
painless affair.

The instrument weighs about 1500 pounds (680 kilograms)saaud altazimuth,
lacking not only (therefore) setting circles or clock drivgt even any form of man-
ual slow-motion controls. It is true that the 12-inch movesysmoothly on its
bearings and is extremely stable but it remains somethirenadcquired skill to
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Fig. 11.7 The 12.5-inch reflector (Peter Seiden)

follow the diurnal motion at high power simply by pulling ditly on a handle at
the top of the tube, to say nothing of taking p.a. measurekeéaouble stars! The
full force of this remark will perhaps be appreciated wheds orne in mind that an
equatorial star takes rather less than ten seconds to bmédlitfield of view at the
power most commonly used for ‘subarcseconders’, and tleaodliserver, perched
precariously on a step-ladder some considerable heigheghe ground, must per-
form this manual tracking continuously, co-ordinating ti@md eye to a precision
of a few tens of arcseconds, at the same time leaving the maedté concentrate
on what is seen in the eyepiece. This is observing in theiclasge of William
Herschel, far removed from the digital conveniences of Wamnty-first century.
This telescope has a primary focal ratio of 7.04, with a @mtbstruction equal
to 16.3% of the aperture diameter. Optical quality is sudt the author’s stan-
dard working power for all subarcsecond double stars is x82&hich single stars
appear round as a button’ whenever the seeing is II-1ll (Aot better, and the in-
strument would comfortably bear magnifications even higtene it then possible
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Fig. 11.8 Eyepiece end of the 12.5-inch (Christopher Taylor

to manage its altazimuth motions sufficiently well. It isariérom the observations
that the smallest double star separation detectable wétll2hinch (see below) is,
even so, limited by magnification, not by definition and imagslity. Statistical
analysis of accumulated observations of equal bright @ai@s4 - 0.9 arcsec shows
that the apparent star-disk diameter of a 5th or 6th mageistar at x825 in good
seeing is 0.31H- 0.037 arcsec; this observed size of spurious disk is only 37%
of that of the full theoretical Airy disk (out to first zero) dragrees exactly, after
scaling for aperture, with the result independently debeeah for a 4-inch (0.102
m) refractor also used for double star observation. Thisdasiparison shows that
the image definition of a Newtonian can be not only as good aisaha refractor
of the same aperture but, after scaling, can match that aof enfaller refractor - a
much more severe test. It must be emphasised once againyémtiat such quality
of imaging can only be expected of a Newtonian even at thaiémafter full and
accurate collimation, as detailed earlier.

The double star results actually achieved with this 12cdkridewtonian are best
represented by the following tabulation of the typical egop@ce at x825 of bright,
approximately equal pairs at successively smaller sepasin seeing II-1ll (Ant.)
or better. Listed here are only those categories of targethwdan in any sense be
considered seriously testing of the telescope’s capiasiliall wider pairs always
appearing on any good night as two well-separated stardetihy a large space of
completely dark sky: -

There is no doubt that such performance claims run heaviyis to the per-
ceptions of the large majority of telescope users who ambgps, too undemanding
of their instruments. To any reader inclined to be sceptidahe above results |
would point out that the author had been using this samectgbeson double stars
and other 'high resolution’ targets for more than twentefixears before the ob-
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Table 11.1 Summary of observations near the limit of resolution

Separation  Typical appearance of star disks

)

0.4 - 0.5 or so Two completely separate disks parted by srapllgersistently split in good seeing
e.g.A Cas. 1995.03 (043), ¢ And. 1995.80 (0.48) 3 Del. 1998.72 (0.50), w Leo
1996.26 (0.52), 72 Peg. 1994.08/(®%3)

0.35-0.36  Two distinct disks in contact (tangent),ocaaally just separating in good seeing
e.g.B Del. 1996.87 (0.35- 6)

0.33-0.34  Disks now slightly overlapping,giving“figure, 8ieavily notched butot separating,
e.g.0 Equ. 1995.79 (0.33-4),a Com. 1996.46 (0.33)

0.29-0.32  Very elongated single image (“rod”), occasibynjaist notched at best moments;
an easy elongater, the disk elongation quite obvious in evedterate seeing,
e.g.0 Ori. Aa (Hei 42) 1998.11 (031).

0.24-0.28  Asingle oval disk (‘olive’), the elongation ktjuite pronounced although still noticeably
less than in the last case, no hint of a notch now @.Del. 1995.85 (0.28),
a Comae 1997.35 (026), A 1377 Dra. 1997.80 (025), y Per (WRH 29 Aa)
1996.88 - 1997.19 (024)

0.21-0.23  Slightly oval disk, elongation small but stilligusufficient to read p.a.
Confidently at best moments; now becoming noticeably mdfieult, the difference
between 0.21 and @.24, very obvious to the eye, exPeg. 1996.88 (021)

0.17-0.20  \Very slightly oval disk, the elongation very shiait in the best seeing absolutely
definite, especially by comparison with neighbouring srgghr as a ‘control; now
becoming difficult to estimate p.a. confidently, detectiéelongation
nearing the limit for x825 e.gf Sge. (AGC 11) 1996.77 {(019) which was
appreciably easier tham Com. 1998.41 (0.175) the current limit
for positive detection of a double star with the 12.5-inckhé power.

Somewhere Beyond the limit for reliable detection at x825, the stakdist clearly

at,

or above 0.13 distinct from that of a neighbouring single sten in very good seeing
kK UMa. (A 1585) 2000.23 (013)

servations themselves forced the possibility of such sidesond performance on
the attention of a mind not predisposed to expect it; furthat all such double star
observations are made essentially 'blind’, the observeinigeno prior information
on 'expected’ p.a., and only a rough figure for separatiorgang to the eyepiece.
So the relentless internal consistency of the observatitthgespect to separation,
and their close individual agreement in virtually all casgth definitive values of
p.a. subsequently consulted as an objective verificatienmere than sufficient to
establish the objective validity of these results. In thtérerset of observations of
pairs below 0.5 arcsec there are only two or three cases af ctetradiction with
this post-observational check, none of which were in go@ihge These very few
failures are, moreover, offset by a number of other instarafeapparent contra-
diction where more authoritative data subsequently obthimave proven that the
observations were correct and that it was the publishednmtion available at the
time which was in error, this having occurred foiCas.,a Com.,y Per.,d Ori. Aa
andk UMa.
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Such results should really occasion no surprise as theyciwally in precise
agreement with Dawes’ limit (0.365 arcsec here) as can befsem the first three
classes in the tabulation, as well as agreeing pretty glagi¢h what would be ex-
pected from the previously quoted size of star disk detezdhijuite independently
from observations of much wider pairs. All of this is, in faghtirely in line with the
mainstream of historical experience in this field, from & who founded sub-
arcsecond double star astronomy in the early 1780’s witl2-dr&h mirror (0.157-
m.), right down to the Hipparcos satellite observatory whicade accurate mea-
sures of pairs down at least to 0.13 arcsec in the early 198fisa 0.29 m. mirror
- rather smaller than that used by the author, although aelihithaving the huge
advantage of perfect seeing! The limit on detectable sépardor instance, in the
tabulation above, at 0.48 of Dawes’ limit, is closely congide with the average for
the closest class of new discoveries made by S. W. Burnhamé@siihch aperture
i.e. 0.53 x Dawes.

The author’s observations therefore establish concllysitiat double star elon-
gation of reasonably equal pairs is reliably detectable I2anch mirror at x825
down to a limit somewhere about 0.17 arcsec, as witGom. in May 1998. All
such pairs down to 0.24 arcsec inclusive are easy elongatgmod seeing, only
the last two classes in the tabulation really presentingsagificant difficulty un-
der the best conditions. What is perhaps most remarkablet abich observations
is the extraordinary sensitivity of the shape of blendedantially resolved double
star images to really minute changes in separation: in thiedi2at x825, a change
of only 20-30 milliarcsecond (mas) is quite appreciablette ¢ye in pairs from
0.4 arcsec downwards, while an increase of 60-80 mas isiguitfito transform the
appearance of a pair totally, from 'olive’ to 'disks tangeas in the case o8 Del-
phini 1995-1996. It is amazing but true that a ground-basedteur telescope of
unremarkable aperture and positively primitive lack oftsspication, used visually
in the time-honoured fashion, can and does reveal cleadylan displacements
smaller than any detail actually resolved by the Hubble 8datescope.

Access to this subarcsecond domain opens the door on a dynamid of binary
star astronomy usually considered the exclusive presdrireeqrofessional using
powerful instruments equipped with the latest technolagy sophisticated meth-
ods such as speckle interferometry. Indeed, several ofdive mentioned above
have been used in recent years as test objects for evaluhgngerformance of
adaptive optics systems on professional telescopes ahldperture and above,
while the entries in the 3rd CHARA catalogue show that all fareurite targets
of the speckle interferometrists. It is one of the bettgrtisecrets of observational
astronomy that it is nonetheless perfectly possible, watte @and determination, to
follow many of these systems’ orbital motion visually with amateur telescope
of only slightly larger than average aperture - which meaisost necessarily, a
reflector. This should not be a surprise to anyone: almosif éfiese binaries were,
in fact, discovered in just this fashion, using very mucls tlsinge of apertures, by
e.g. Struve Il with the Pulkova 15-inch, Burnham with 6 and-®ich instruments,
etc.
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Fig. 11.9 Observations of the pad Equ with the 12.5-inch reflector

Among the author's more memorable experiences with the-it2lbtelescope
are several concerning some of the most legendary of thé¢ seood visual bina-
ries.d Equ. 0x535), perhaps the most famous of all such systems, was leng th
holder of the record for the shortest period of all visualdies, at 5.7 years. This
pair is actually quite easy on a good night in the 12.5-inckenvht its widest as
in 1995, appearing then as an absolutely unambiguous figuneljust failing to
separate completely. The orbital motion is phenomenaiidraa total transforma-
tion in the appearance of the star occurring in a twelvemonthss, as the author
witnessed in 1995 and 1996 - see Fig. 11.9. This motion isatlgtso rapid that,
if caught in very good seeing at the critical moment in theitpdbchange plainly
perceptible at the eyepiece of the 12.5-inch will occur ity@even or eight weeks,
d Equ. having crossed an entire class in the tabulation ofappees given earlier.

B Del. (3151, period 26.7 years) is another pair whose orbital advana single
year is plainly visible in the 12-inch reflector even witha@utantitative measure-
ment, its steady year-by-year opening out and rotationanhaving been conspicu-
ous in that telescope in the years 1995-1998. This was fitstiam 13th Nov. 1996,
the entry for which in the author’s obs. book rea@€elphini x820 showing an im-
mediately obvious 'rod’ / 'figure 8’; on further scrutiny,\&ral times glimpsed two
distinct stars just touching i.e. this pair now much eadianta year ago?. p.a.
constantly and easily legible at 336835 ”. (This was a rough ‘by eye’ estimate
only, not a measurement, but very noticeably larger thaadtleen twelve months
earlier), the seeing only fair at IlI-1l. The definitive ptien at the time of this ob-
servation was subsequently found to be (0.35-0.36 arc88}, See Fig. 11.10.

Other similar cases have beenCom. 1728, period 25.9 years) andPer.
(WRH 29 Aa, period 14.7 years) a beautiful system which iskiightest visual
binary in the heavens which is also an eclipsing variable (e double star obser-
vations ofy Per. have been mostly by speckle interferometry on 3 to 4enodss
telescopes, ankl Peg. 3989, period 11.6 years). The 12-inch followed the inward
march of 21728 over the late 1990’s, beginning with ‘figure 8’ at 0.38s&cC in
1996, all the way down to 'elongation v. slight but perfeatfinite’ at 0.175 arc-
sec in 1998, the smallest separation so far detected withdlgscope. The annual
change in this star was quite apparent at each of these thseewing seasons and,
although it was much more difficult in 1998 than it had been ararlier at 0.26
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Fig. 11.10 Observations of the paf# Del with the 12.5-inch reflector

arcsec, even the limiting elongation to which it was follalweas quite unmistake-
able - 'like a dumpy egg’ - by repeated comparison with theoalisly round disk
of Arcturus, then at the same zenith distance. (Given t188-0.34 arcsec appears
as 'figure 8', this is in fact exactly what one should expedhefsame pair at 0.175
arcsec, as can easily be seen from scale drawings of spuligkssoverlapping to
the appropriate degrees).

11.8 Some advice

If such are the results achievable with the decidedly pimiamateur-built tele-
scope described earlier, it must follow that similar perfance is within reach of
virtually any Newtonian having a good mirror at f/5 - 6 or l@mgadequately sup-
ported on a mounting of sufficient stability and rigidity. dde further refinements
which the author’s instrument so conspicuously lacks - perntly mounted optics
of modern low-expansion glass in a telescope having a clagk dr at least good
manual slow motions - will, of course, make this easier batrat indispensable.
The real essentials for such subarcsecond performandstacthiere, together with
some general points of advice on the conduct of this type obbiostar observation:

1. While any good instrument is worth giving a fair trial orbswcseconders, it is
unlikely, in the case of reflectors especially, that a systewing a primary f-
ratio less than 5 will achieve the level of performance descrabove, even if
claimed to be 'diffraction limited’ (a decidedly loose pk&d: equation (11.3)
makes it clear that collimation tolerances for critical giray quality become
almost impossibly tight at F/5, in addition to which thesepler curves of the
main mirror are more difficult for the optician to control byost of the methods
of figuring and testing still in use, so that such 'fast’ paiaiids are rarely as
good as the best of longer focus. In general it is clear foecédrs that the longer
the focus the better, within reason; even F =12 or 15 woulthody not be
excessive here.

2. It goes without saying that such extremes of imaging perémce can only be
expected of good optics, of course, but it would be a mistaleaippose that the
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author’s 12-inch is wildly exceptional in this respect. @alwas undoubtedly a
master optician but he was working with both materials anthows which made
his job decidedly more difficult than that of his modern swsoe; there must be
many more recent mirrors in amateur hands which are just ad ge this 1908
glass. Itis probably true that any paraboloid as good asedrgps a little better
than, the Rayleigh quarter-wave criterion will deliver gwet of results described
here, if well managed and satisfying the other necessargittons. Remember,
however, that the Rayleigh criterion means that the extréistertion peak-to-
valley of the wavefront must not exceed one quarter of trevealt wavelength of
light used; a phrase such as 'a one-tenth wave mirror’ magxiremis (and of-
ten does!), mean that the mean deviation of the glass frofagdigure does not
exceed one tenth of a test wavelength (usually He - Ne lagi8283) which is
itself considerably larger than the 5100 - 520@lue relevant to visual observa-
tion. In such terms, a surface only just satisfying the Rgyleriterion would be
described as 'one-thirteenth wave’, so beware ambiguosig¢ions of optical
quality from telescope retailers, manufacturers and sther

3. On the needlessly controversial subject of magnificatibe only rule is that
there are no rules, and any attempt to set hard and fast timitkat may be used
on a given aperture is merely an arbitrary and unhelpfulttaimé hampering the
realisation of the telescope’s uttermost capabilitiee Wse observer will give
full play to the instrument’s whole range of powers withotgjpdice and finally
settle on that magnification which best reveals the detailgist, irrespective of
whether that also yields the crispest, aesthetically naiitfging image. The last
is a merely cosmetic consideration. As to high, or even végi tpowers - say
from 40 per aperture-inch upwards - be neither obsessednattafraid of them.
It should be pointed out that the 'resolving magnificatianthe theoretical min-
imum for visibility of small detail, not a maximum; oft-repted attempts to set
this as an upper limit to useful magnification, taking 1 aromé as the smallest
detail resolvable by the eye and Dawes’ or Rayleigh’s liragghe smallest that
one may be attempting to see with the telescope, are fallaca all counts:
visual acuity varies hugely from one individual to anothet the typical night-
time resolution of a normal eye is 2.5 to 3 arcmins., not 1 evtiie tabulation
earlier of subarcsecond double star appearances showwéhaiay very well
be in quest of detail as small as 0.5 Dawes’ limit, to magnihicl up to com-
fortable visibility therefore requires a power of at leaStyer aperture-inch, a
figure itself not in any sense an upper limit. This is quitame Inot only with the
author’s experience with 12-inch spec. (x65.8 per inch) d&rdy Spevak’s with
70-mm O.G. (x72.4 per inch, see Chapter 10) but also that st winservers of
such close visual pairs. You may be able to reach these sdzamed limits at
substantially lower magnifications but | shall be surprised

4. A vital corollary of the last point is that the whole mecleah construction of
the telescope must be such that both its rigidity and smesthiof movement
are able to handle the high magnifications necessary. Thisather demanding
requirement, which in larger apertures is virtually certaibe incompatible with
the lightweight construction favoured for portable tetgses, many of which
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are hugely under-engineered in this respect. For a reflestarabout 6 inches
aperture, a permanently mounted instrument is certainttebthan a portable
for this class of observing and it is evident from this corsadion and point (i)
that the popular f/4.5 Dobsonian of large aperture is justiathe worst possible
choice here. Such telescopes are not the tools of highutisohstronomy.

5. Full and thorough collimation of a reflector’s optics asguently as may be
needed to maintain their precise alignment is an absolgenéal, as discussed
earlier in sections 3 and 4. Equation (11.2) now makes it wbmious that the
smallest errors of squaring-on at the arcminute level véllgoite sufficient for
coma to swamp many of the finer features in the tabulationasfdisk appear-
ances given in the last section.

6. The quality of the seeing is of vital importance. Don't ¥easme attempting to
observe subarcseconders when the Airy disks of these starsavisible (say,
seeing Il Ant. or worse).

7. These pairs should only be observed when at a large elawattiove the horizon,
preferably within about 1 hour of meridian passage, anchggytnot when be-
low about 35. Below 40elevation, elongation of star disks due to atmospheric
spectrum becomes increasingly evident and the seeingilgteateriorates due
to the lengthening visual ray within the turbulent atmosph®&esist the temp-
tation to try for subarcseconders which never rise abowvgetletevations in your
sky - the results will only be gibberish.

8. This sort of observing does not require phenomenal elggsige author is
slightly short-sighted and certainly of only average visa@uity even when cor-
rected for myopia. What it does emphatically require is atalerceptiveness to
every nuance of what is seen, a power of concentration whaebuts to the last
drop what the eye has to offer. This ability to use one’s egked training and
practice, of which something has already been said in se6tidt is remarkable
how widely telescope users differ in this respect, even ajramtive observers,
but fancy equipment is no substitute here for essentialrglmgeskills. In train-
ing the eye to this activity it makes obvious sense not to leatmbitious at
first but to start with pairs at several times Dawes limit amehnt work steadily
downwards. The furthest fringes of subarcsecond doubteobtserving are un-
doubtedly an extreme sport, a sort of 'athletics for the gyekich demands
fitness as with any such activity. lliness, tiredness orifitant alcohol intake
are all quite incompatible with peak performance, whichatefs as much on the
observer as it does on the instrument.

Spectacle wearers must, necessarily, abandon their glemsthis work, as the
high magnifications used require eyepieces whose eyd-iglruch too small
to accommodate them. This is no problem whatever to tho$erswj only from
pure long- or short-sight as simple re-focus of the telesdajzes care of all,
but astigmatism is a more serious matter. Uncorrectedwiti€ause spurious
elongation of star disks with obviously undesirable consages, so the astig-
matic observer who would pursue this game must resort ditheontact lenses
or to a tight-fitting eyepiece cap carrying the appropriaigective glass (e.g.
old spectacle lens or piece cut centrally from one).
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9.

10.

11.

Unequal close pairs are much more difficult than equakpatithe same sepa-
ration, especially in reflectors generating accentuatchdiion rings, in which
an inequality of even 1 magnitude may cause considerabileuif in the clear
sighting of a companion anywhere near the first ring and a radgdisparity of
2 or only a little more makes it practically invisible. Mostthe remarks above
concern approximately equal pairs (magnitude differeess than 1, say) and
it makes sense to begin with these on first setting out to csablarcseconders.
An illustrative example here is Albireo, the bright compotef which is itself
a very close double (MCA55) having a brightness inequalftalmout 2 mag-
nitudes: at 0.38 arcsec this is very much more difficult in dl¢hor’s 12-inch
(e.g. obs. 1996.80) than an equal pair sucld &qu. at 0.33 arcsec, probably,
in fact, as difficult as any pair successfully observed witat ttelescope. The
effects of seeing and of use of different optical systemshendetectability of
these unequal pairs is altogether a more complex affair tih@mrorresponding
questions for equal doubles and their observation conseiguegelds much less
reproducible results.

For all really doubtful or difficult cases, Herschel'sva could not be bettered:
while leaving the eyepiece and focus untouched alternatpiick succession
between views of the target double and of a nearby singlexstvout the same
altitude, so using the roundness of the latter as a 'contrafomparison for the
observed disk shape of the double. If the comparison stavshay significant
elongation, the entire observation should be rejected.

Lastly, we come to perhaps the most important point dibalany observations
which may with any justification be challenged or doubtedwirich category
should probably be included all alleged sightings of painsad or unequal, sep-
arated by less than twice the Dawes limit for the instrumeetiuAs a matter of
elementary scientific method it is essential that the olesdras some indepen-
dent means of checking each observation and so provindithtyao the sceptic
(quite possibly the observer themselves). This requiratstitie observation is al-
ways made ’'blind’ with respect to some observable paranadténe pair, the
observer having deliberately gone to the eyepiece not kmpewverything about
the current appearance of the target, so that the only gessibrce of knowledge
of the parameter is the observation itself. The observagevedn then, post-obs.,
be checked against the 'correct’ or expected value as arctdlgecriterion of
verification (O.C.V.). The most obvious choice of O.C.V.& fposition angle.
Thus, and only thus, can observer prejudice, the phenomamomon in some
less rigorous visual astronomy of 'seeing what you expese#, be eliminated
and these extremes of double star observation be secureigéd on objective
detection of the chosen targétsin any doubt about p.a. at the first observation
of a difficult pair where the seeing is less than ideal, do hetk the value then

7 This is flatly contrary to the (bad) advice given in some hamudds but it must be recognized that
guestionable observations made in the absence of any O, @. Where none is possible (e.g. as
in claims to have seen the central star of the Ring Nebula M&T small telescopes), are quite
meaningless.
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but re-observe the target on better nights until confiderthefresult, and only
then consult the O.C.V.

12. To conclude, enough has surely now been said to make arfobwease for the
reflecting telescope as fully the equal of the refractorrtape for aperture, in at
least some of the most demanding classes of double stanaliser The author
hopes that this may be an encouragement to users of goodoesléz venture
into a deeply fascinating field of observation from which #peculum has too
often been unjustifiably excluded by false preconceptidrtb® superiority of
the lens.
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Chapter 12
Simple techniques of measurement

Tom Teague

12.1 Background

It is not necessary to possess expensive or advanced apparairder to begin

making accurate measures of double stars. This chaptarssiss three different
techniques, in ascending order of sophistication: the met¢hod, the chronometric
method, and finally the use of reticle eyepieces. Of theserittg method is the

simplest, requiring in its crudest form nothing more thanoadinary stopwatch

with lap facility. By the addition of a crosswire and positiangle dial, the observer
can begin to measure closer pairs. Even an illuminatedeetiepiece requires no
great financial outlay, and permits observations comparabdccuracy with those
achieved using a filar micrometer.

12.2 The ring micrometer

Invented by the Croatian Jesuit astronomer Roger Boscdtichl1-87), this is an
elegant method of measuring differences in right asceresmhdeclination. In its
true form, the ring micrometer comprises a flat opaque ringmbed at the focus
of the telescope objective. Using a stopwatch, the obséines transits of double
stars across the ring. The times at which the components tnesnner and outer
peripheries of the ring, together with the declination & grimary component and
the known value in arc seconds of the ring diameter, contiith@ information
necessary to calculate the rectangular coordinates ofahg(ige. the differences
in right ascension and declination separating the two stim which it is then
possible to derive its polar coordinates Q).

It cannot be denied that the mathematical process of regtio@results is some-
what cumbersome, and must have been almost prohibitivéigus in the days of
slide rules and logarithm tables, but the advent of moderatednics has banished
such difficulties forever. The observer who makes good useaafmputer or pro-
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grammable calculator need not be deterred by the matheahetimplexities which
are, in any case, more apparent than real.

Commercially made ring micrometers are no longer obtagaivid the construc-
tion of a good one is not for the faint-hearted. My own, mantifeed by Carl Zeiss
Jena, consists of a metal ring mounted on a centrally pagidrglass diaphragm
which is fitted at the focus of a positive eyepiece. Happilytfmse who prefer not
to undertake their own precision engineering, it is not altlfunecessary to have
a purpose-made ring micrometer. All that is required is agp&ce having mini-
mal field curvature and an accurately circular field stogs thie latter which serves
as the micrometer. Some modern eyepieces, although of tatdepptical quality,
have plastic field stops that may not be truly circular. Sedegood quality eyepiece
with a flat field and a metal field stop. It is possible to flattea field by incorpo-
rating a Barlow lens into the optical train.

Fig. 12.1 Timing the transits of a wide pair of stars to determine theueate diameter of a field
stop or ring.

The first step is to calibrate the eyepiece by determiningdldéus of its field
in arc seconds. A simple method of doing this is to time how ynseconds of
mean solar time it takes a star of declinat@®to drift across the field diametrically,
multiplying the result by 7.52080s9d. Even the mean of a number of such timings,
however, is unlikely to be very accurate, since the obsdrasmno way of being sure
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that the star has passed through the exact centre of the fieldvg as opposed to
trailing a chord.

A more reliable calibration method is to use a pair of stardritadeclinations
which have been determined to a high degree of precisionTybleo-2 catalogue
will yield plenty of suitable candidates. In order to mingaithe effects of timing
errors, choose stars of relatively high declination, betw&0 and 75 degrees north
or south of the celestial equator. The difference in detitmeof the two stars should
be slightly less than the diameter of the field stop or ringeiil Beparation in right
ascension is less important, but should obviously not benwneniently large.

The two stars are allowed to drift across the field, so thatstae N, describes
a chord near the north edge of the field and the other, S, neawilth edge. The
times at which each star enters and leaves the field are egtoging a stopwatch
(Fig. 12.1). A cheap electronic sports watch with lap couwi# be found perfectly
adequate.

Two angles, X and Y, are required in order to calculate theipeeradius of the
field stop in arc seconds. Suppose that star S, of known dicimdy, enters and
leaves the field all; andN, respectively, and star S, of declinatidg, enters and
leaves at5; andS,. Let Ad be the difference in declination between the two stars.
Then:

_ 7.5205 S, — S1)cosds+ 7.5205 N, — Np)cosdy

tan X
an 5

1

7.5205S, — S1)cosds — 7.5205 N, — Np)cosdy
Ad
From which the radius of the field, R, may be derived as foltows

tanyY =

Ad
~ 2cos X cosY 3

Take the mean of not fewer than 30 transits. For the greatssilde accuracy,
allow for the effects of differential refraction (see Chap22).

The procedure for measuring a double star is as follows. iBetmp the tele-
scope just west of the pair to be measured, so that the abgiarnal motion will
carry both components, A and B, across the ring as far aslpessbm its centre
(Fig. 12.2); they should both transit the ring near the sanwoetly or south) edge
unless they are very widely separated in declination, inctvitiase they may pass
on opposite sides of the centre of the ring. The importanemstiring that the stars
pass close to the north or south edge is that it minimiseshpadt of timing errors
uponAd. However, it should not be carried to extremes, as the mrenmment of
ingress or egress of a star that merely grazes the field edigeventually become
impossible to pinpoint.
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Fig. 12.2 Using the eyepiece field stop or ring to measure a pair of btatensits.

The first transit should be used as a ‘reconnaissance’ tordigte and record the
sequence of appearances and disappearances. On subsensis, the observer
uses a stopwatch to obtain the times (A1, A2 , and B1 , B2 ) athvbach star
enters and leaves the field; these times are noted in taloukay &s shown in Table
12.1.

Table 12.1 A specimen observation dfl 57 made on 1997, October 27. The three transits are
individually numbered in the top row of the table. Also red®d in each column is the portion of
the field in which the transit took place (north or south, &sdhse may be)

1 2 3

(N field) (N field) (S field)
A 0.00 0.00 B 0.00
B, 2036  30.95 A 3.56
B, 276.77 270.68 Ay 251.80
Ay 279.81 275.06 B 281.69

In order to calculate the position angk, and separatiorp , of the pair, it is
first necessary to determine the differences in right asoerd, , and declination,
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Ag, between the two components. The time at which each stasitsahe centre of
the field is given by the mean of the times at which it enterslaades. Hence the
difference Aa, in RA between the two stars, A and B, is given by:

~ (Bit+By)  (Avt+Ag)
Ao = 5 — > (4)

The result is expressed as a time difference. At a later stdtgr we have as-
certained the individual declinations of both componentswill be able to convert
A, into seconds of arc.

In order to obtain the difference in declinatiofis, between the two stars, we
first need to ascertain the distance, D, in declination betwke centre of the field
and each of the stars, A and B:

Da=Rcogs (5

Dg=Rcoss (6)
where the angleg, andyg are given by the following equations:

7.52050036A (Az — Aj_)

sinya = = (7)
— 7.520500323 (B2 —Byq) (8)

The difference in declination between the two objects is thigen by:

A5 =Dp+Dg (9)

The value oDg is added tda when the stars are on opposite sides of the centre
of the field and subtracted from it when, as is more usual, #neyn the same side.
Note that in the latter case, the sign (positive or negatife) d varies according
to whether the north or south portion of the field is used. Wheth stars pass to
the north of the field centre antl; is positive, B lies south of A; a negative result
indicates the contrary. When both stars pass to the souttedield centre, the rule
is reversed.

Since only the declinatiorja, of the main component, A, is usually known in
advance, the declinatiodg , of the secondary component, B, must initially be given
the same value for a first approximation. Once a preliminatyerhas been derived
for A9, the result is added to or subtracted frdm(as the case may be) to obtain a
refined value fodg, from whichsinys and thence\s may be recalculated.

We are now in a position to convett, into arc seconds. To do this, multiply by
15.0411 co® whered is the mean declination of both stars.

Having thus obtained final values fdy, andAs, we use simple Pythagorean
trigonometry to work out the polar coordinatgsand6 and
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p=1/(aap+@s2 (10

Aa
_tan- 129
6 =tan (A(S) (11)
When calculatingd, it is necessary to allow for the quadrant in which the com-
panion (B) star lies by applying the appropriate correctamshown in Table 12.2.

Table 12.2 How to assign a position angle to its correct quadrant. N for the purpose of
using this table, the sign (+ of) of Ad is always taken from a transit carried out in the northern
half of the field; otherwise the signs must be reversed.

Aa Ad Quadrant 6=

+ — 1(0-90) 6

+ + 2 (90 - 180) 180 4
+ 3 (180 - 270) 180 6

4(270-360) 3608

The first transit of the sta¥l 57 recorded in Table 1 provides a convenient prac-
tical example. We can see that the difference in right aseenda, is given by

(2):

(29.36+27677) (0.00+27981)
2 2
Let us now calculate the difference in declination betwdwntivo components.
The first step is to find the anglgs andys. Consulting our catalogue, we find that
the declination (2000) ofl 57 is +66.7333 (this refers to the A component). The
radius of the ring used to make the observation wag 9Therefore:

= 13.16 seconds

7.5205x co$6deg7333x (279.81—0.00)
916

from which it follows thatyy itself must be 65.16. By the same method, we find
sin yg to be 0.8024, angs = 53.36 (note that at this stage, in the absence of an
accurate figure, we have had to treat the declination dgBeing equivalent to that
of A, Aa.

Applying equations (12.5) and (12.6), the distance in detion of A from the
centre of the field is:

=0.9075

sinya =

916 x cos 65.16 = 384.80
and that of B:
916 x cos 53.36 = 546.66

It therefore follows that according to this preliminary@alhtion, the difference
in declination between the two stars is:
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384'.80 —546.66 = -161.86

Since this transit took place north of the field centre, thausisymbol in the
answer tells us that B lies north of A. Now, | 57 is a northern hemisphere pair.
Hence, in order to obtain B's declination, we need to add’18#], or 00.0450, to
that of A:

66°.7333 + 0.0450 = 66.7783

[If your calculator does not have a facility for automatigalonverting degrees,
minutes and seconds into decimal degrees, simply find thériamber of arc sec-
onds and divide by 3600.]

We are now in a position to refine our results by recalculafidg substituting
the new value for\g in equation (8). This gives a final figure of 1683. We also
convert ourAa figure into arc seconds, using the mean declination of batis:st

13.16x 15.0411x cos 66.7558 = 7812

After repeating this process for each of the other transiesyns are taken dfa
andAd . In this particular case, the results afer= 78'.37 andAd = 164’.85.

Applying equation (12.10), we obtain the the position anfle 25°.4 and from
equation (12.11), separation:= 182'.5

SinceAa is positive (B following A), and B lies north of A), we see frofable
2 that in this particular case B lies in the first quadrarit{90° ), and no further
correction tof is necessary.

According to the WDS, this pair was actually measured by tippatcos satellite
with the following results (1991)p = 182'.4; 6 = 25° . It will be seen that our
figures, which are based upon observations made in 1997 eararkably close.
This is certainly a fluke. As a rule, even a large number ofditaris unlikely to
produce results as seemingly impressive as these. Inggaiftyou can consistently
get within T in position angle and ¥’in separation, you will be doing very well
indeed. In this particular case, the Zeiss ring micrometas wsed on two nights
to time six transits across the inner and outer edges of tige with the following
overall result:

p=183'5;0=25.2.

The position angle result is in full agreement with the Himoe figure, whereas
the separation result differs from Hipparcos by less than ks is fairly typical
of the level of performance to be expected from the ring metho

For maximum accuracy, a total of not fewer than 10 transitaikhbe taken,
preferably spread over several nights. It is a good prattidake half the transits
near the north edge of the field and the rest near its south &ageg care not to
apply the wrong sign (plus or minus) when calculatihg. If you have a proper
ring micrometer, record the times of appearance and reampeaat its outer and
inner edges. In that way, you will be able to refine your resslightly by taking the
mean of twice as many timings during each transit. My own grpee, as can be
seen from the example & | 57, suggests that in this way it should be possible to
obtain results to within about’lof the true position. Although this is nowhere near
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good enough for measuring close doubles, it is perfectlgatable for pairs wider
than about 100.

The rather involved mathematical process of reduction nesymsdaunting at
first sight, but it need not be either laborious or complexhé bbserver uses a
programmable calculator or computer. Once such a devicbdasprogrammed to
carry out the tedious computations, results can be obtailmedst as quickly as the
raw timings can be keyed in.

The particular advantages of the ring method are that itiregino special appa-
ratus beyond a stopwatch, needs no form of clock drive or fielchination, can be
used with an altazimuth telescope as well as an equatodakarapable of produc-
ing consistently accurate results on very wide pairs (sdjmar greater than 100.

It may be worth bearing in mind that although wide and faintlales lack the glam-
our of close and fast-moving binaries, they are probablyvienegreater need of
measurement.

The drawbacks of the method, apart from the restriction oficurate use to
very wide pairs, are the rather time-consuming nature obtieervations and the
elaborate process of reduction. These, although they asglgreduced by the use
of a computer or programmable calculator, can never besbpttiminated. A Del-
phi 5 program to carry out this reduction, written by Mich&skaney, is available
on the accompanying CD-ROM.

12.3 The chronometric method

The chronometric method allows a significant increase i@y over the ring
method. Of comparable antiquity, it requires the additiorthte telescope of an
external position circle or dial, as well as a single wire leiead mounted at the
focus of the optical system. A motor-driven mount is, if notadbsolute necessity, at
any rate highly desirable. Since position angles are medslirectly with the circle,
the chronometric method is a hybrid technique rather thamratpansit method. The
sole purpose of the timed transits is to obtain differennesght ascension, from
which it follows that no calibration exercise is necessary.

An ordinary crosswire eyepiece will serve admirably as tagi$of the microm-
eter. If no such eyepiece is available, a single thread oe wén be mounted in
the focal plane of a positive eyepiece, preferably one lgpairelatively short focal
length. The thread must be as fine as possible, ideally no tharel5 microns in
diameter. Various materials have been suggested, ingungilon or spider’s thread.
In order to render such materials visible against the daykbslckground, some
means of illuminating either the field or the thread is esaérA small torch bulb
or light-emitting diode may be installed near the objectivénside the eyepiece or
Barlow lens. A potentiometer can also be provided so as tblerthe observer to
vary the level of illumination. Alternatively, at the codtsbome degree of precision,
the need for a source of illumination may be dispensed wittgather by making
the wire relatively thick. | have used a length of 5-amp fusesvior this purpose.
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The wire must be stretched diametrically across the field ataml glued in position.
The most difficult part of fitting the wire is to keep it undenggon so as to ensure
that it is perfectly straight. Even then, it is likely to pevather a crude substitute
for an illuminated thread or field.

The position circle or dial can be made from an ordinary°3@®@tractor, which
is fitted to the focussing mount. It must be carefully centoadthe eyepiece, to
which a pointer or vernier index is attached. The dial mustdgable of adjustment
by rotation about the optical axis. It is graduated antiklaise unless the optical
system reverses the field, in which case the dial should lthugtad in the opposite
sense.

Although there is no need to calibrate the micrometer, ieisassary to establish
the circle reading that corresponds to north Y®@efore measurement begins. One
way of achieving this is to find a star near the equator andvatlto drift across the
field of view, rotating the eyepiece until the star accusatedils the single thread.
Then, leaving the eyepiece undisturbed, adjust the pastii@le until the pointer
indicates a reading of 27Qwest). Provided the circle is correctly graduated, it
will follow that the zero reading indicates celestial noy this method, position
angles of double stars can be read directly from the PA didiowit the need for
any correction. However, it is practically impossible tekxie all sources of error
in such a home-made device. Quite apart from any defectsiptbtractor itself,
it is unlikely to be perfectly centred on the optical axis.olmler to overcome such
sources of error, Courtot(1) has recommended the followlternative approach.
Adjust the web so that a star drifts along it when the mototapged, and note the
reading on the dial. Then rotate the eyepiece through 186 as to minimise the
effects of any centering error, and repeat the procesdijrigssubtracting 180from
the reading. Proceed in this way until you have gatheredesidings, and take the
mean. The difference between the result antddi@es the north angle.

Let us illustrate the procedure by reference to Courtot'a ewample. Suppose
that by repeatedly drifting a star along the web we obtairfaHewing circle read-
ings:

Table 12.3 Determination of drift PA

East 92.2 West 273.3
92.5 273.0
92.3 273.1

Mean 92.33 273.13

Subtract 180 from the mean west result:
273.13-180 =93.13

Hence the overall mean is:
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(92deg33+93degll)
2

=92deg73

Since this corresponds to the true position angle,90e north angle is: 9273 -
90° =2°.73

This angle is a correction which will be applied to all suhseat circle readings.

To obtain the position angle of a double star, carefullyteothe eyepiece until
the wire is precisely parallel to the pair's axis and notertrgeding of the PA dial.
Then reverse the pointer through 18fhd take another measurement. The entire
process should be repeated until a total of at least 6 reatlienge been obtained. Of
these, half will have to be adjusted by T80Take the overall mean, remembering
to correct for any north angle.

The observer obtains the separation of the pair by timingsite.across the wire.
At least 20 such timings should be made. There are seveiatieas in the proce-
dure. The simplest way is to set the wire exactly NS, so theirtterval in the times
of passage across the wire of the two components correspoiigs difference in
RA. The separation is then given by:

15.0411x t x cosd
sin@
in which t is the mean interval in secondsis the declination of the pair angl
its position angle.
For example, on the night of 2001 August 26, | measured thekmelwn pair 61
Cyg, with the following resultsd = 149°.9, t = 1.3384 seconds
Since the declination of 61 Cyg is 385, the separatiom, , is given by:

(12)

15.0411x 1.3384x c0s38.75
sin1499

In the case of pairs having a PA close to @ 180 , both components will
transit the wire more or less simultaneously. There are tagswof overcoming
this difficulty. One is to set the web at exactly°4® the direction of drift (see Fig.
3), remembering to take into account the north angle. Thesyraing the web is
orientated 135/315 as shown in Fig. 12.3, the separation is given by:

=313

_ 150411x t x cO>

(cosh +sinf) (13)

If the web is orientated 45225’ , the separation is:
15.0411x t x co®d

(cosh —sinf) (14)

Courtot(1) has suggested an alternative procedure in wthielweb is placed
approximately perpendicular to the pair's axis. The angleetween the wire and
the direction of drift is read from the circle (making allowee for any north angle).
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Fig. 12.3 With the wire set at 45 degrees to the direction of drift, nueashe elapsed time between
the transits of star A and B on the wire.

It is positive, increasing from east through south and soFég. (12.4). With the
telescope clamped a short distance west of the pair, us@aaicth to measure the
time taken for both components to cross the thread. Repeatrtitess at least 10
times, noting the results to two decimal figures. Then res/gre wire 180 and take
another 10 timings.

These timings, together with the declination of the pair #raposition angle
already determined from the PA dial, enable the observeetiude the separation,
p, of the two components :

~ 150411xtxcosd xtanixtan@
- sin@x(1+tanixtan®)

(16)

Using Courtot’'s own example, suppose that the mean tranisitvial, t, is 2.386
seconds and the declination of the star i$.25. The position anglé, has already
been measured as 22@4. Let us further suppose that for the purpose of timing
the transits, the web was set with a circle reading of°1,3hich corresponds to
45° starting from east. After subtracting the north angte73, we find that the web
was actually set ati=45-2.73 =427 from east. Then, applying equation (12.16):

15.0411x 2.386x c0s25.25x tan42.27 x tan22304 21" 8
Sin22304 x (1+tan42.27 x tan22304) N '
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A

Fig. 12.4 Using Courtot's method with the wire approximately pergenlér to the orientation of
the pair.

The negative value g merely indicates that the companion is west of (preced-
ing) the primary, and the minus sign is therefore ignored.

The main advantage of the chronometric method is that it heater accuracy
than the ring method and can handle pairs down to a sepauitisittle as 1%. By
the careful use of Courtot’s variation, this limit may beuedd still further - perhaps
even below 10. Because each transit lasts only a few seconds, it is avellatjuick
technique. The reduction procedure, while still somewleti@rate, is far simpler
than the ring method, although the advent of modern eleicsdras greatly reduced
this difficulty in respect of both techniques.

The principal disadvantage of the chronometric methodasfthr reliable results
it demands the use of an equatorial mount. Indeed, it is higgmsitive to misalign-
ment of the mount. If significant errors in position angletarbe avoided, the polar
axis of the mounting must be accurately set on the celestial, pvith an error of
1’ or less. It follows that the chronometric method is betteited to permanently
mounted telescopes than to the portable instruments faddoy many amateurs.
Another drawback is that the use of a fine filament necessitat provision of
some form of field or web illumination, which in turn neceslyareduces the work-
ing magnitude threshold of the telescope.

12.4 llluminated reticle eyepieces

There are now readily available a number of proprietary s which are sup-
plied by their manufacturers with illuminated reticle gysis. They have completely
transformed amateur double-star astrometry(2). The €eledicro Guide eye-
piece provides a typical example, but other makes are eabgisimilar (this sec-
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tion refers specifically to the Celestron version). Ret&yepieces of this type re-
quire the use of a motor-driven equatorial mount, with resrebdw-motion controls
to both axes. This section describes two methods of using/ibeo Guide. The
firstis simple yet very effective, while the more advanceatpdure is considerably
slower but promises even greater accuracy.

The Celestron Micro Guide is an orthoscopic eyepiece of-t@ilbmetre focal
length incorporating a laser-etched reticle and a bajperyered variable illumina-
tion system (Fig. 12.5). The Meade version uses a diffestiie layout (Fig. 12.6).
In both cases, however, there is a 3@0otractor scale at the edge of the field and
a linear scale at the centre. The linear scale, which is usetkasure separation, is
a ruler graduated at 100-micron intervals. Position anglag be determined either
by means of an external position circle or, more eleganttyranre simply, by using
the drift method described in this section.

The first step is to calibrate the linear scale by determittiegscale constant, i.e.
the number of arc seconds per division. The smaller the aohghe more accurate
the measures will be. This dictates as great an effectival fleangth as possible.
Ideally, the focal length should be 5 metres or more, andateytnot less than 3
metres. Since most amateur telescopes have a focal lengétwéen only 1 and 2
metres, it is obvious that a Barlow lens will usually be nsegg in order to amplify
the image scale at the telescopic focus.

Linear scale

L

Protractor scale

Fig. 12.5 The reticle of the Celestron Micro-Guide eyepiece. Thekitéss of the inscribed lines
and circles is 1am.

To calibrate the eyepiece, time the passage of a star alerantire length of the
linear scale. Select a star that is neither too bright noifagd - magnitude 5 or 6
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will probably be about right for small or medium aperturesorder to minimise
the effects of timing errors, choose a star of relativelyhtdgclination, but without
straying too close to the celestial pole. | have found that@idation of between
60° and 75 is suitable. Rotate the eyepiece until the star drifts exaetrallel to
the linear scale. Then use a stopwatch to time the starsigguirom one end of
the scale to the other. Repeat the process at least 30 timedsrgbly spread over
several nights, and take the mean. To convert the resulait@econds, multiply
by 15.0411 co®, whered is the star’s declination. Then divide by the number of
divisions in the scale; in the case of the Micro Guide thisOslfut the equivalent
scale in the Meade version has 50 divisions. The resultiate stonstant, z, will
always remain valid for the same optical set-up.

The simpler of the two methods of measuring the separatiardoiuble star is as
follows. Rotate the eyepiece until the linear scale is dyaarallel with the pair's
axis, ensuring that the primary star is closer to the zerontgor the 90 pointin the
Meade version) on the 38@rotractor scale; although this precaution has no bearing
on the separation measure, it will assume importance wheanies to measuring
the position angle at a later stage. Then, estimating toeheast 0.1 division, count
the number of divisions separating the two components artpiyuthe result by
the scale constant to obtain the separation in arc seconds.

Measuring the position angle is a slightly more involvedgass. One way of
going about it is to use an external position circle or dial@scribed in the previous
section, but this is actually quite unnecessary(3). Bywatig a star to drift across
the field, it is possible to obtain accurate position anglemfthe 360 protractor
scale etched on the reticle itself.

The procedure is as follows: having completed the separatieasure, leave the
motor running and the orientation of the eyepiece undigirko as to preserve
the alignment of the reticle. Use the slow-motion controldting a star to the
exact centre of the field, which on the Micro Guide will be fduio lie between
the “30” markings on the linear scale. For this purpose, amyenient star will do;
it does not even have to be a component of the pair being mexhsOnce the star
is accurately centred, switch off the motor drive and allbw Earth’s rotation to
carry the star towards the western edge of the field of view.difection of drift, by
definition, corresponds to the true position angle®27®/hen the star reaches the
360 protractor scale, switch the motor on and read and recordriée indicated
by the star on the protractor scale (Fig. 12.7). For a comveatinverted field, the
outer (clockwise) set of figures should be used. The inndiclankwise) figures
are for use with a reversed image, as produced by a righeamigim. Although the
scale is only graduated at intervals of 5, it is perfectlysfele to estimate to the
nearest 0.5, which is sufficient for all practical purposes.

Subject to one possible correction, the reading indicatethé star shows the
position angle of the pair. When using the Celestron Micrad@pit is necessary
to add 90 to the protractor reading in order to arrive at the true pasiangle. If
the final result exceeds 360, just subtract 360 to bring tls&vanwithin the range
0 - 360. With the Meade version, which employs a differenblgtyno correction is
necessary.
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Fig. 12.6 The reticle of the Meade astrometric eyepiece

As with other techniques of measurement, observationddeurepeated over
a number of nights and means taken. Used in this way, a relyepiece is capable
of making good measures of pairs of any separation lying odwably within the
telescope’s resolving ability. It is important to elimieahe effects of parallax by
ensuring that the reticle and the star images are focussedttly the same plane.
To achieve this, adjust the telescope focus and the eyediepére control until
you can move your head from side to side without inducing aigtive movement
between image and reticle.

The beauty of the drift method is that it effectively elimiesa index error and
places considerably less stringent demands upon the agaofrthe mount's align-
ment by comparison with a conventional position circle oltdws that this partic-
ular technique of measurement lends itself especially tegliortable equatorials.
Perhaps for that reason, it has become steadily more poanmlang amateur ob-
servers since it was first described in print (3).

In an alternative, more advanced procedure, the obseresrths reticle eye-
piece to measure pairs of angles in each of which both cormisié the pair are
bisected by markings on the linear scale. Employed in thghiém, the eyepiece
effectively becomes a degenerate form of filar micrometeis b method which
produces greater accuracy in the measurement of separatibit is also slower
than the basic procedure already described.



130 12 Simple technigues of measurement

Fig. 12.7 Using the simpler method, the pair's separation is measagadhst the linear scale. The
position angle can be found by switching off the telescopkgsk drive until the pair drifts to the
protractor scale, where the angle is noted. It is importahtabypass or hasten the drift process by
using the telescope’s RA motor, as unless the polar alighis@erfect, the result will be incorrect.
Reproduced courtesy of Sky Publishing Corporation

The first step is to rotate the eyepiece until the linear ssadarallel with the axis
of the pair to be measured, remembering to ensure that thepyistar lies closer
to the zero point on the 38@rotractor scale. The observer counts the numberf,
whole divisions on the linear scale separating the two camapts. In the example
illustrated in Fig. 12.7, it will be seen that= 3. With the motor drive running,
the eyepiece is rotated and the slow-motion controls aeljushtil a pair of scale
markings n divisions apart bisects the two stars as showrigin8a. Leaving the
orientation of the eyepiece undisturbed, the observerthgesiow-motion controls
to bring a star to the exact centre of the field, turns off thheedsind notes the angle,
61, indicated by the 360protractor circle at the point where the star drifts acrbss i
In figure 12.8(a), the reading is 60

Next, the eyepiece is rotated in the opposite directiort, {hasoriginal position
at which the axis and linear scale are parallel, until botimgonents are once more
bisected by two markings on the linear scale (see Fig. 12/8min, the observer
measures the anglé;, as before. In the example shown, the reading fs.20

If one of the two angles happens to fall within the first quad(@ - 90° ) and
the other in the fourth quadrant (270 360° ), add 360 to the lower of the two
figures. This is necessary in order to avoid numerical carapbins at a later stage
in the process of reduction.

The position angle of the pai, is given by the mean of the two angles:

- 6.+ 6,

=73

(17)
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Fig. 12.8 The advanced method: (a) measurthg(b) measuringd,

to which (in the case of the Celestron version) the &@rrection must be added.
The separatiorp , is given by:

nxz
p= cosa (18)

wheren represents the number of whole divisions separating thgpooentsz
the scale constant, and is half the difference between thanhglest; and6; :

66,
a=—7

In the example showrg = 20° . Assuming a scale constant, z, ¢f &he corre-
sponding separation is therefore

(19)

3x5
cos20

=151.96

Again, the procedure should be repeated over a series akraghl means taken
of the position angle and separation. In each set of obsengtit is a sensible
practice to include a number of direct determinations oftbsition angle made by
the simple method, as shown in Table 3.

Table 12.3. This observation af1442 was made on 2000, Mar 25 with a 21.5-
cm Newtonian reflector and Celestron Micro-Guide eyepigce §'.25). Each set
of measures occupies a numbered row. The first anghe, ithe next a direct PA
measure theta made by the simple 'drift' method, and the #iy note all these an-
gles appear in their uncorrected forms. The penultimatenaolshows the corrected
position angle, obtained by adding 90 eto the mean of thesthreceding entries.
The final column gives the separation, derived
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Table 12.4 This observation o£1442 was made on 2000, Mar 25 with a 21.5-cm Newtonian re-
flector and Celestron Micro-Guide eyepieee6”.25). Each set of measures occupies a numbered
row. The first angle i$;, the next a direct PA measuéemade by the simple 'drift’ method, and the
third 8,; note all these angles appear in their uncorrected forms.pEmultimate column shows
the corrected position angle, obtained by adding @0the mean of the three preceding entries.
The final column gives the separation, derived frBprand 6, by the method described in the text.
The overall mean position angle and separation appear lasheow.

6, 9 6, 9 o

1 45 68.5 85 15617 13.30

2 49 66 88.5 157.83 13.28

3 43 66 94 157.67 13.85

4 48 67 89 158,00 13.35
157.42 13 .45

from 6; and 6, by the method described in the text. The overall mean pasitio
angle and separation appear in the last row.

Because this method of using a reticle eyepiece is inseasdivariations in @,
—6y), itis capable of yielding separation measures far morarate than those ob-
tained by means of the standard technique. In theory, thesioa is not constant,
since the uncertainty increases with But since it is easier to judge simultane-
ous bisection at high values afthan at lower values, the competing practical and
theoretical considerations probably cancel out.

The range of measurement is restricted by the layout of tiideeFor obvious
reasons, the lower limitis set by z, the value of the scalstom. However, it is pos-
sible to measure closer binaries by turning the eyepie@utfir 90 and bisecting
the stars with the two long parallel lines, which are only 56rans apart. Provided
the line nearer to the semicircular protractor scale alviagscts the primary star,
this expedient will also remove any need for & @@rrection; in the case of the
Meade version it will, of course, introduce such a correttio

It is the inconveniently short graduation markings on timedir scale that im-
pose an upper limit on the range of continuous measureménérfain separations
beyond about 6z, the observer will find it impossible to biseth components si-
multaneously, with the result that gaps begin to appearemtbasurement range.
For wider pairs, the Barlow lens may always be dispensed Withthis will require
the reticle to be recalibrated.

The more advanced method of using an illuminated reticlpiege places ex-
treme demands on the observer’s patience and dexterityewwoyone will find the
gain in accuracy is really worth the extra time and effort.id/it may be useful
for occasional measurements, where time is not a consideyat for the observer
who has to make do with a relatively short effective focabigm the amateur who
wishes to pursue a systematic programme involving the stiidy many pairs as
possible will probably prefer to master the simpler techieiqn conjunction with a
telescope having an effective focal length of not less therees.
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Irrespective of the procedure adopted, the illuminatedlees¢njoys great advan-
tages over other methods. It is readily obtainable at a redde cost. It is capable
of considerable accuracy (4). It eliminates index errocamparatively tolerant of
errors in polar alignment and is, therefore, particuladiable for portable instru-
ments. Its main disadvantage lies in the raising of the ntadaithreshold by reason
of the illumination system.

12.5 Practical recommendations

Subject to the individual limitations already summarisady one of the three meth-
ods discussed in this chapter is capable of producing sesfippublishable accu-
racy. The first two are of particular interest to those who dbwish to buy special
equipment. The ring method, although confined to very widespis ideal for the
beginner who wants to attempt measurement without invgtiexpensive acces-
sories. The chronometric method is more accurate, can @ataer pairs and is
perhaps especially suitable for those who enjoy making tiven equipment.

For all other purposes, however, the illuminated reticlepggce is superior.In
the absence of a filar micrometer or equivalent professiaparatus, the observer
intending to embark upon a serious programme of visual ntea®nt, with a view
to publishing the results will undoubtedly an the illumie@treticle eyepiece the
most practical option.
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Chapter 13
Filar micrometer

Bob Argyle

Introduction

The measurement of double stars is central to the themesbdtk and there are
many ways of doing this, but this chapter is dedicated to seeaf the filar microm-
eter which has been used seriously since the time of Williarsehel. (For a thor-
ough discussion of the history and development of the filarometer see the paper
by Brooks (1) ).Much of our knowledge of longer period vishalaries depends on
micrometric measures over the last 200 years. The filar mmeter is by far the
most well-known device for measuring double stars. Itsglesemains largely the
same as the original instrument which was first applied testtoaomical telescope
by the Englishman William Gascoigne (¢.1620-1644) in the [E630’s. The aim
is to use fine threads located in the focal plane of the tefestens or mirror to
measure the relative position of the fainter component afubte star with respect
to the brighter, regarding the latter as fixed for this pugpdghis is done by the
measurement of the angle which the line joining the two staakes with the N
reference in the eyepiece and the angular separation oditerf star (B) from the
brighter (A) in seconds of arc. These quantities are uskalbwn as theta (?) and
rho (?) respectively and are defined in Chapter 3.

The basic filar micrometer consists of two parallel wirese dired, one driven
by a micrometer arrangement, with a third fixed wire at righglas to these two.
(Fig. 15.1). The movable wire must be displaced in the fotah just far enough
from the other two such that it can move freely and yet be inu$odt must also,
of necessity, be very thin, preferably smaller than the emqiasize of the star disks
through the eyepiece. If the focal length of the telescopeasshort then a Barlow
lens is necessary. This has the advantage of boosting tadéogth by 2 or 3 times
and yet has no effect on the apparent size of the thread.

The usual material for the wire is spider thread which wasehdor its fineness
and relative ease of availability. (In fact it was a spidelking its web in one of
his telescopes that gave Gascoigne the idea for the filaplaRiag spider thread
in a micrometer is a relatively skilled job and these days mancially available

135
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micrometers use tungsten with a thickness of about 12 mécrdbhe micrometer
used by the author has been in regular use for 10 years andrésehave remained
correctly set throughout, even though the micrometer has ffiged and removed
from the telescope hundreds of times and many thousandsliofdoal settings of
the wires made.

Fig. 15.1 The arrangement of wires in a modern filar micromete

In the modern Schmidt-Cassegrain the Barlow lens is a pdatiy useful acces-
sory. For a 20-cm /10, for instance, the focal length of 2608 is equivalent to
a linear scale at the focal plane of 103 arc seconds per mm.féans that a 12
micron wire will subtend a diameter of about 1.25 arc secomts is about twice
the angular resolution of the telescope so it would limitilser to measuring pairs
wider than about 3.0 arc seconds. Even then the thicknels ttiteads would make
accurate centreing of star images difficult.

The body of the micrometer must be able to rotate through &§Pesks and its
angular position is accurately measured by a circular ghugan as the position
angle circle. This is usually graduated in degrees with aieeravailable to read to
0.1 degree.

In the classical brass micrometer, another arrangemeletictile box screw is
usually included. This allows both the fixed and movable lfelnaires to be shifted
in the focal plane by the same amount. This is useful when tuble distance
method of measuring separation is employed (described fablydater). For mi-
crometers without this facility (and this tends to include modern instruments that
have become available over the last few years) it is necgssanove the whole
telescope to bring the threads into position for doubl¢adice measurement. Alter-
natively, the method described by Michael Greaney(2) dbsithe need to move
the whole telescope

After setting the movable wire on the companion and notiregriading, the
micrometer is rotated around 180 degrees so that the PA vgieets the two stars
again. The micrometer screw is then turned to move the mevabk across the
primary back to the companion. The new reading is then natédlze difference
between the two readings gives a measure of the double distan

As the PA wire bisects the two stars a second PA reading caakes.t Add
180 degrees to this second PA reading if it is less than 18fdegor subtract 180
degrees if it is more. The mean of the first and (corrected)ra®A readings can
be taken as the PA reading for that particular measurement.

Determination of the screw constant

This is a rather more difficult task since it is first necesgargietermine what the
angular equivalent of the linear motion of the micrometeewscis. In the example
above we saw that the 20-cm /10 Schmidt-Cassegrain hagarIstale of 1 mm
=103 arc seconds at the principal focus so that if the mictenteas a screw pitch
of 0.5mm per revolution then each rotation of the screw makieswire 56.5 arc
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Fig. 13.1 Fig. 15.2 A RETEL micrometer fitted to the 8-inch refractoiCatmbridge. The Barlow
lens assembly is the brass tube immediately above and therpupply for the field illumination

is attached to the tube within reach of the eyepiece. Coafitatobserving positions such as this
are rare. The chair collapsed entirely soon after this peoivas taken!
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seconds. It is necessary to subdivide the screw into us@8llysmaller intervals
with visual estimates of perhaps one-tenth of each divigiging values to 0.001
revolution or 0.06 arc seconds in this case. It is necessatgtermine this screw
value and not to take the manufacturers data for the focaglheaf the telescope
and Barlow lens. Note however that in those telescopes werprimary mirror is

moved to adjust focus then this alters the scale constarit extierefore important
that the scale calibration is checked regularly.

Transits

A commonly used methods involves using star transits - bugtars at high dec-
lination. With a hand held stopwatch time the transit of a ataoss the movable
wire and note the corresponding value of the micrometemsdvive the microm-
eter screw by a fixed amount, say 0.5 or one revolution in thection of the star
trail, and time the next transit on the wire. Repeat this ®on&ny revolutions as
possible, It will then be possible to calculate a value fog oevolution of the screw
from all the individual measures. For a star at declinati@b for instance the mo-
tion of the star is 15 cos 75 arc seconds of time per secondvaitl take 56.5/15
cos 75 seconds = 14.6 seconds of time to travel the equivafidntevolution of the
micrometer screw in the standard Schmidt-Cassegrainidescabove. This should
be timed to better than 0.5 seconds of time but taking the rakamevolutions will
increase the accuracy of the mean figure by a factor of n. Thiags should be
repeated on other nights to confirm the figure reached. Rurttexks at regular in-
tervals are also recommended - to see if there is any variafithe screw constant
with temperature or with time (due to wear and tear).

Calibration pairs

Another way of evaluating the screw constant is to measutte viaright pairs whose
position angles and separations are well known and relptiked. It will be nec-
essary to have up to a dozen of these pairs spread aroundythe giat one can be
observed at any time of the year. | use this method and in Agigehl give a list
of pairs with relative positions predicted for 2000.0, 2@&nd 2010.0. As these
pairs change only very slowly the positions for future yezas be done by simple
interpolation.
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Making an observation with a filar micrometer

13.0.1 Position angle

The measurement of position angle is easiest to make andadlyidone first since
the measurement of separation depends on the separatembeing perpendicular
to the line joining the two stars (Fig. 15.1). Position angl@efined as Owhen
the companion is due north of the primary;9@hen it is due east and so on. The
orientation of the position angle wire can be determinedersky by several meth-
ods; the most common is to set the telescope on an equatarighkbow the star to
drift across the field and rotate the micrometer until the dtdts exactly along the
position angle wire. Repeat at the end of the night and thenrnéthe two values
will give the correction to be applied to all readings of iesi angle made during
the night. If for instance at the start of the night the ] reads 89.2 and at the end
it is 88°.8 then the mean value of 89 means that +10 needs to be added to each
mean position angle taken during the night. Even if the nmieter remains on the
telescope it is worth doing through this procedure eachtnigh

The measurement of position angle involves setting the RA twilie across the
centre of the images of each star. It may be difficult to seard &ar under the
wire but an alternative of setting the wire tangentiallytie two star images is not
to be recommended. Another possibility is to use the fixedraodable separation
wires set slightly apart, turning them until the line betwdlee stars is parallel to the
wires. In this case the exact angle between these wires amubtition angle wire
needs to be known but once established should remain fixddhmthreads need
to be replaced.

If using the single position angle wire, it may be necessasyeiad to turn down
the illumination so that the companion can be seen. Seveealsures of angle
should be made depending on the brightness and separattosdir but it is good
practice to move the wire well away from the last determorabefore making the
next measure. This should mean that the readings will be mdependent.

It is as well if you are familiar with the position of the candi points for the
telescope in use. The final position angle, being the meaadf mdependent set-
ting, may need to be corrected by 180 degrees depending @uétrant in which
the fainter star lies. Remember that in Schmidt-Cassegetéscopes the cardinal
points are a mirror reflection of those in Newtonians andafirs. The use of star
diagonals will also add a mirror inversion.

As mentioned above, pairs of accurately known separatiohpasition angle
can also be used to calibrate the position angle circle oskhend a list of some
bright ones is given in Table 1.
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13.0.2 Separation

The most common technique for the measurement of distarediésl the 'double-
distance’ method. (see Fig 15.3). Basically the fixed wirgnefmicrometer is placed
on the primary star and the movable wire on the companion.r&ading of the
movable wire is noted. The telescope and micrometer screthan moved until the
fixed wire is placed on the companion and the movable wiregolan the primary
star. The difference between the two positions of the scsawice the separation of
the pair in millimetres (or whatever unit the screw is caliled in). This is repeated
several times, depending on the difficulty of the pair. Theasation of the pair in
arc seconds is then calculated by k (r2 - r1 )/2 where k is thensconstant and
rl and r2 are the mean values of each separation setting.d vhdkuble distance
measures for wide pairs and up to 6 measures for close paisplocedure, like
that of the determination of position angle, is repeatedséaeral nights before a
mean value is determined for each. It is better to make thesunes of separation
close to the position angle wire, since if the separatiomsvare not strictly parallel
then the measure of separation will be in error and in any tesénages will be
better near the centre of the field.

Fig. 15.3 Double-distance method of determining sepanratio

An alternative method by Michael Greaney (4) is illustrabedrig 15.4. The
CD-ROM contains Delphi 5 programs for calibrating and uditag micrometers.

Fig. 15.4 Alternative double distance measurement. (&wan

[llumination

The best way of illuminating the field of the micrometer is tedt a low but vari-
able light onto the wires - i.e. bright wire illumination. Bbme micrometers no-
tably the RETEL which uses a red LED, the field is bright andwlires are seen
in shadow. Whilst red is usually regarded as the colour ldasy to reduce the ef-
fectiveness of the eye and distract the observer, somenastrers prefer a different
arrangement. Paul Couteau uses a white light to illumirtagentires whilst Wulff
Heintz prefers yellow. Observers will appreciate that Hight is definitely not
recommended for field illumination.

Calibration pairs

Here is a table of bright and wide pairs whose position arayelsseparations can be
predicted with sufficient accuracy to calibrate a filar mioeger. The data used for
this has been taken from the Observations Catalogue at UEd@esy of Dr. B. D.
Mason. The Catalogue contains all published observatioesgective of accuracy
so some of the measures have been excluded from consideratideen bright
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pairs have been chosen to cover the north, the equator asduttefor all times of
year. The southern pairs are considerably less frequebsigroed and the predicted
positions are therefore less reliable.

Separation
2
|

10
1800 1850 1800 1950 2000

i Epoch

Fig. 13.2 The measures of Mizar in separation 1820-2000

Although some of these pairs are real, if very slow-movirigakies the observed
arc is less than 5 degrees in most cases and so motion is absoiibe linear. A
weighted, least-squares straight line fit to the data has besle in all cases with
the weighting being made arbitrarily. It was decided to givierometer measures
a weight equal to the number of nights whilst photographiasoees (and also
Hipparcos and Tycho measures where applicable) were giwezight of 50. As an
example Fig 15.5 shows the observations of zeta UMaX#44) from around 1820
to the present day, more than 350 in total. The effect of latg ef photographic
measures made after 1950 is to dominate the fit but the earéiasures also fit the
line reasonably well lending confidence to the predictedtipos. In separation,
there has been no significant change since observationa.bega

In each case in Table 1 it was first necessary to correct theredd angles for
precession, bringing them up to the year 2000.0. The valives ¢gn the Table for
future years, have also been corrected for precession $ thpochs allowing an
immediate comparison to be made with observations.
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Fig. 13.3 The measures of Mizar in position angle 1820-2000

Errors of measurement

When any quantity is measured errors can arise in the pro€hsse can be two
kinds. Firstly, random or accidental errors which are cdusenatural fluctuation
when making, for instance, a number of measurements of fheragon of a dou-
ble star with a filar micrometer. If you take say 6 readingsaatheposition of the
movable wire, the numbers will differ slightly. Taking thethmetic mean of these
numbers yields a figure which can be taken to be a fair reptatsem of what the
value being measured should be. This can be converted irdoguilar separation
in the usual way. If the pair being measured is a binary stdmofvn separation
then if the same measurement is repeated on several otlés aigd the subsequent
mean values all indicate a greater separation than exptdwedyou may suspect
the existence of a systematic error. It may be that the ctomdit is not predicting
the correct separation for the time of observation but itl¢@lso mean that the
screw value for the micrometer is not correct. If the screlueé based on a single
standard pair then there is room for systematic error to domé may be that the
separation assumed is not correct. This can be tested byvoigether standard
pairs to see if the same screw value is obtained. If it is therbinary orbit can be
suspected.
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Table 13.1 A list of bright calibration pairs

Pair RA Dec Mags PA Sep PA Sep PA Sep
(2000) (2000) 2010 2010 2015 2015 2020 2020

B Tuc® 00 31.5 -62 57 44,45 168.1 26.92 168.0 26.88 168.0 26.85

{ Psé® 0113.7 +07 35 5.2,6.4

6 Pic® 0524.8 -5219 6.3,6.9 2875 38.17 2875 38.17 2875 38.18

3 Orid 05 32.0 -00 18 2.2,6.8 0.2 5242 0.2 5242 0.2 52.42

y Vel 08 09.5 -47 20 18,43 2204 4121

1 Cnc 08 46.7 +28 46 4.0,6.6 307.5 3049 307.5 3049 3075 30.50

21627 1218.2 -03 57 6.6,7.1 1955 19.87 1954 19.83 195.3 919.7

24 CBe 1235.1 +18 23 5.0, 6.6 270.3 20.62 270.2 20.75 270.18820.
a CVn 1256.0 +38 19 2.9,5.6 228.7 19.31 228.8 19.30 228.8 19.28
{ UMa 1323.9 +54 56 2.2,3.9 152.6 14.45

K Lup 1511.9 -48 44 39,57 143.1 26.40 1431 26.39 143.1 26.38
v Dra 1732.2 +5511 4.9,4.9 311.0 6186 311.0 61.83 3109 61.79
0 Ser 1856.2 +04 12 4.6,5.0 103.7 2247 103.7 2250 103.6 22.53
16 Cyg 1941.8 +50 32 6.0, 6.3 133.2 39.62 131.2 39.67 131.1 7139.

o Cap 2029.9 -18 35 5.9,6.7 238.4 2185

B PsA 22315 -3221 43,71 172.2  30.39

a Both stars are close pairs in a large telescope

b The companion is a close pair in a large telescope
¢ The primary is a close pair in a large telescope

d The primary is a close pair in a large telescope

This is a particularly interesting and vital area which reéal be considered
regularly if micrometric measures are to be regarded asestatul reliable.

Sources of error

e Positioning of wires on star

The two graphs below illustrate the comparison of micrometeasures which |
made (observed measures) with accurate measures of thesssmenade with
speckle interferometers and by the Hipparcos satellite refietred to below
as the reference measures. When making these comparigenast#l that the
epochs of measurement agree as closely as possible, athehgi comparisons
are not valid due to orbital motion (or proper motion) durthg interval.

Fig. 15.6 shows the differences between the observed aatnefe separations.
In this case the sense is (observed-reference) so thatdarltisest pairs (be-
low about 1 arc second or so) the measured separations ater¢@o This is
not an uncommon feature of measurement by micrometer asdériicularly
useful for anyone doing orbital analysis. Whilst the raw mgas are published
as they stand, in the case of a particularly careful orbitudation, it pays to try
and assess the ‘personal’ error of the observers and thespty eorrection to
the observed positions. In practice this tends not to happgech because suit-
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Fig. 13.4 The error of a mean separation with separation. The soli dapresents a running
average

able reference measurements have not been available fgracmon. This has
changed for the better recently with the publication of theckle results from
the USNO (see the references in Appendix 1) where suitaldyrate and up-
to-date measurements are available to enable the obsersieetk his personal
equation.

There is a large scatter at larger separations and this isodaeombination of
the paucity of standards at these separations and fewemunesashich | have
made. Of the points in Fig. 15.6 some 210 pairs below 2 arca®csompared,
dropping to 69 pairs between 2 and 4 arc secs and only 31 petineebn 4 and
10 arc secs.

What can be seen from the graph in Fig. 15.6 is a tendency faomeeasure
the closest pairs (0.5 to 2 arc secs) as rather wider (aboaalpare and from
about 2 arc seconds and wider there is not much systematicteroe seen.

In Fig. 15.7 the graph shows the situation for the observaitipa angles for the
same pairs as Fig. 15.4. Here there is clearly an anomalyat &4 180 degrees.
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This is where the two stars appear nearly vertical in the iegep Although it
is recommended to place the eyes either parallel to or rigbtea to the line
between the stars it is more uncomfortable to do the formércamclude that
using the eyes parallel to the line between the stars rasudis error in position
angle of about -0.5 to -1 degree when the stars are withintatdegrees of
the vertical. Another way to avoid this is to use a prism injaontion with the
eyepiece to allow the field to be rotated by 180 degrees. Bymgainother set of
position angle measures here the mean value should theaebeffthis particular
bias.

e Accuracy of reference pairs
When using reference pairs to calibrate micrometers itttebrot to use binaries
because it is much easier to obtain accurate relative avates from wide pairs.
In most cases these stars have been measured by Hipparcgshordnd there
are plenty of measures going back over time which indicagesaymificant binary
motion.

e Errorsin the micrometer screw
Each measure | make involves at least eight settings of theomiter screw -
typically 2,000 settings per year. It is reasonable to sappbat some wear and
tear or backlash might make itself noticeable at some stagegular check-
ing should be made. This can be done by plotting the scalesalarived from
standard stars with time.

Availability of filar micrometers

For many years filar micrometers had been unobtainable &malajh the occasional
classical brass example does appear they tend to get snapgsdcollectors and
placed on the shelf.

Over the last 15 years, however, a number of firms and indalgda the UK and
USA have produced commercial instruments but it is beliebed at the time of
writing both these sources have dried up. The contact asiesese given below in
case the reader wishes to ascertain the Itaest situatibrpvatiuction.

The RETEL micrometer is made in the UK from duralumin allog@onsists of
a fixed and movable parallel wires and a PA wire at 90 degrdesniovable wire is
driven by an engineering micrometer capable of about 12 mimaeél and readable
to 0.001 mm using the vernier. The PA circle is calibrated degree intervals and
again a vernier allows this to be improved told The wires are made from artificial
fibre and are 121 thick which means that for short focus telescopes a Barlow le
is needed to reduce the apparent size of the wires in theenepCommercilaly
available & wire can be also be used to reduce the apparent size of theTiee
man-made fibre is extremely durable - | have had no breaka@syiears of regular
use involving many thousands of individual settings.

The van Slyke micrometer is made in the USA from a solid blacklominium
and again features an engineering micrometer to drive theabie wire whilst a
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range of optional extras such as digital readout are alsertided. Unfortunately,
as this was being written the micrometer has been transfésrne manufacturer’s
discontinued catalogue but was still available as a custai®ro

A comparison between the two made by Andreas Alzner can bedfon the
Webb Society web page (4).

13.1 References

(1) Brooks, R. C., 1991, Journal for the History of AstronQi2i, 127.

(2) Greaney, M. P., 1993. Webb Society Quarterly Journalpfde.

(3) Greaney, M. P., 1994 Webb Society Quarterly Journal,

(4) Alzner, A., (http://www.webbsociety.freeserve.ddnotes/dsretel.html)

The RETEL micrometer is available from Retel Electro-Mathal Design Lim-
ited, 22 Abingdon Road, Nuffield Industrial Estate, Poolerdat, BH17 OUG, UK.
Contact Mr. L. Reynolds: tel (01202) 685883, Fax (01202)6H!

The van Slyke Engineering Filar micrometer is still avaiéabn special order -
see http://www.observatory.org/turret.htm



Chapter 14
The Diffraction Grating Micrometer

14.1 Introduction

Diffraction influences telescopic images by the effect & ba incoming starlight as
we have seen in Chapter 10. It can also be used as the basisifigpla micrometer.

When it comes to measuring the position angles and sepasaifalouble stars,
sophisticated and expensive precision instruments yscathe to mind. However,
if you can accept a limited selection of double stars thenui@te measurements
with very simple devices, the so-called diffraction grgtimicrometers, are possible.
These micrometers, especially in their simplest formsyarg easy and inexpensive
to build.

When a telescope object glass or mirror is masked by a coeaiagyas shown
in Fig. 14.1, diffraction of each star image will produce arag of satellite images
on both sides of the star in a line perpendicular to the gyatiits (Fig. 14.5a). The
brighter the star and the wider the grating slits, the greihie number of visible
satellites. These satellite images are actually rectamgliaped spectra but this is
only apparent with brighter stars. The central image is #® order image, the
neighbouring satellites are the first order images and s¢@nmeasurement pur-
poses though, only the zero and first-order images of eacpaoent are of interest.
The basis of this micrometer is that the distance betweerditeand first order im-
ages is fixed for a given grating and depends on the separmattitve slits. For a
given grating therefore, this distance, once determirape used to measure both
the position angle and separation of double stars.

Experience has shown with gratings whose slit width is etpu#he bar width
give the best results because this corresponds to the maximightness of the
first-order images. The critical dimension of a grating is #it distance, p. The
angular separation in seconds of arc between the zero anories images is given
by:

where | is the grating slit width (in mm) and d is the bar wid#isp in mm),
so that p = (I + d). The wavelength of the starlight,, varies from about 5620
,&(5.62 x 104 mm) for an early B star to 576@(5.76 x 104 mm) for an early
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Fig. 14.1 The author’s 20-cm Schmidt-Cassegrain equipped with a B0gnating. The first-order
images are 2.3 arc seconds from the zero-order image. Se€igld4.5a. The position angles can
be read on a 360 degree scale

M star but these values depend slightly on the observer addisknown as the
effective wavelength. To use the micrometer to its full aecy each observer needs
to determine his or her effective wavelength for a range etspl types.

14.2 The Instrument

As the separation range which can be measured, depends waltleeof p, to mea-
sure all double stars in the range of a given telescope weagjdire quite a number
of gratings.

In practice though there is a way to overcome this problenth\&/few gratings
and some elementary geometry, the basic method can be ecatslyl refined. In
this case, a set of four gratings is used with slit distanéd9020, 30 and 40 mm.
The widths of the bars separating the slits are normallythal§lit distance.
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14.3 The measurements

The star images and their satellites can be arranged ircplaticonfigurations de-
pending on the orientation of the grating. Provided thatghttern is carefully ar-
ranged, the grating slit distance and the grating oriesiatiogether with a little
trigonometry can deliver quite accurate results for bothRA and separation of the
double star being observed. Several star patterns havepieposed by previous
observers (1) and the method has been continuously refinedslextensively and
successfully used and described by French and English éstdil observers in the
1980's (2, 3, 4).

Fig. 14.2 The Schwarzschild adjustable diffraction micrometer usetB95. Three pairs of inter-
changeable gratings (p = 70, 40 and 24 mm) were used.

Obviously the most convenient method would be a grating adtfustable slit
distances, thus minimizing the number of gratings and réngdrigonometric
calculations superfluous. Such an instrument had alreaey psoposed by Karl
Schwarzschild in 1895 (5). He used three sets of differeatimgs which he ar-
ranged in front of the objective glass of a 10-inch refradita a roof with rising
and descending ridge as shown in Fig. 14.2 . In this way hedqaalduce variable
slit distances, as seen from infinity. The instrument wasstdple by ropes from
the eyepiece end.

Lawrence Richardson (6) described a simpler, home-madestathje interfer-
ometer consisting of a flat grating frame which could bedilie front of a small
4.5-inch refractor. This was the construction which serasdnodel for the one
described here, an easy-to-build, adjustable gratingamieter. It is made of alu-
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minium, board and plywood and is designed for use on the po@cm Schmidt-
Cassegrain telescopes. Needless to say the principle aigtrament can also be
used on other types of telescopes.

14.4 Construction

This micrometer consists basically of two parts: (1) a negtdar grating frame in
front of the telescope objective or corrector lens, which be tilted with respect
to the optical axis and (2) a flange for mounting this framehvitié support onto
the objective end of the tube. This flange allows the devidkeasame time to ro-
tate and its orientation can be read on a 360-degree dial 1Bi§). The apparent
slit distance is varied by inclining the frame which has tddrge enough to cover
the telescope aperture even when tilted. On the other hlaadrame should not be
larger than absolutely necessary in order to keep the im&tntisize within reason-
able limits. Here one has to compromise: as an example, th&roation shown in
Fig. 14.3 works with a 23& 520 mm frame and the maximum useful tilt is about 65
degrees. The projected slit distance varies as the cositie @fngle of inclination.
Therefore the frame-tilt graduation is not in degrees braatly in corresponding
cosine values, thus simplifying the reductions.

Fig. 14.3 A home-made adjustable diffraction micrometer showinggthe25 mm grating.
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For effective diffraction at least 3 to 4 slits should be uisefdont of the objective
so for a 20-cm telescope the largest slits will be about 25 nideand arranged
50 mm apart. According to the diffraction formula such adigtance can thus be
used for measuring double star separations from 5.5 to @budrc seconds. For
smaller separations larger telescope apertures are iésHrihe 20-cm telescope
is to be used for double star separations of up to 10 arc secsag, two grating
frames with 50 mm and 25 mm slit distances will do. The smalating - used
for larger separations - will, when inclined at 65 degreesdpces a projected slit
distance of 10.6 mm, which corresponds to about 11 arc secsmmhration. If wider
separations are to be measured a third frame with smaltevidltih could be made.
However, the stability of the narrow grating strips could@®e a limiting factor.

In order to get reliable measures, grating frames should®&eigely made. The
slits and bars should be accurately parallel to each othlieakso to the tilting axis.
Broad aluminium bars of width 25 mm or alternatively 12.5 mma 4.0 mm thick
are glued onto a frame made of 10 mm aluminium angle and wdueltifing axis
consists of small pivots on each frame side which turn in plsas shown in Fig.
14.4. These clamps allow a frame-exchange within secondi$heay also produce
just the right friction for the frame to tilt very smoothly.

Fig. 14.4 Metal clamps serve as bearings for the grating frames aond a@lquick exchange of
frames. Note the cosine scale for reading the frame inadtinat

Two lightweight side frames support the two grating framarb®s which in
turn are fixed to the bottom flange as shown in the photogrdptiswooden flange
is provided with a cardboard collar on its back, which fitsootfite end of the tele-
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scope tube. The fit should be tight enough to keep the micrempedperly in place
even at low elevations but at the same time not too tight teegureit being turned
around its axis. A collar which is slightly too large is prefble because the de-
sired clearance can then be fixed by inserting some shimspafra felt. At the
collar bottom a 1.5 mm aluminium ring is glued to its rim. Thsiminium ring
carries a 360-degree scale or dial and contributes at the §ama considerably to
the micrometer’s stability. This scale, which indicates thouble star position an-
gle, is read by a properly set pointer or marking on the telesdube. Having an
outer diameter of 270 mm the scale allows precise reading desired a vernier
scale could be added. To establish the dial’s zero-poingthtng slits have to be
exactly parallel to the telescope declination axis. In gusition the satellite images
of a star are aligned North-South. The weight of the micreamshould be kept as
low as possible in order not to disturb the balance of thestelpe. The instrument
shown in the photographs weighs not more than 500 g.

14.5 Observing

To make an observation the micrometer is fitted to an equdiprounted, cor-
rectly aligned, and carefully collimated telescope. The®0 or the 25 mm grating
frame is mounted, depending on the expected separatioe @ftin to be measured
and as high a magnification as possible should be used, ab&fet00x or more.
The first step is to align the two star components and thedllgatimages exactly
by rotating the whole micrometer (Fig. 14.5c). This is adllke alignment method
and it gives position angles with great precision. Only whtenstars and satellites
appear properly aligned in a straight line is the positioglanead on the 360-degree
dial. At this point it should be noted in which quadrant thiafer star lies in case a
correction of 180 degrees needs to be made to the measutgdipasgle. Then the
micrometer is rotated exactly 90 degrees further and a aanafiippn as shown in Fig.
14.5d will be seen. Now it is time to start tilting the gratiftgme. This is an easy
procedure because when observing with a short 20-cm Sci@aiskegrain tele-
scope the grating frame can still be directly reached andabge from the eyepiece
end. Great care and judgement is necessary to determineatime's inclination
which produces the correct star configuration. There areditgnative patterns:
perfect squares or, perfectly right-angled crosses asmsiowig. 14.5e. The idea
behind this is, of course, to set the angular distance ofdkallge images exactly
equal to the double star separation. The mode of operatighlgiecomes second
nature with the observer and, of course, the larger thesefigettings and readings
the more reliable the result. In order to compensate forunstnt inaccuracies and
to increase the precision further, the frame should be swabgth sides and read-
ings on either side on the cosine scale should be made. Foumadhe as the satellite
images appear on either sides of the stars, two squaresssesrare shown, hence
both of them should be judged. As a final verification, the asd@{BA" as well as
B’'AB’ can be checked for perfect orthogonality. Incidethtaf a diagonal prism is
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used the "cross” pattern can be arranged vertically or bat&ly for better judge-
ment simply by turning the diagonal. Experience shows thdggment seems to
tire quickly so decisions have to be made quickly and altergéances with either
eye yields a clearer result instead of staring for too lontp@tpatterns. Only when
perfect accord is obtained is the tilt angle cosine readtthyrérom the scale. To get
the final value for “p” the grating’s nominal spacing, i.e.&®5 mm, is multiplied
by this cosine. Now the diffraction formula can be used teuialte the double star
separation, rho.

Itis not necessary to use the "cross” configuration in Fig5&4By swinging the
frame, the aligned stars and satellites as shown in Figclebbld for instance be
brought directly to exactly equal distances A- B’- A - B - AB-which makes the
next step, the instrument’s 9@osition angle turn, superfluous. Depending on the
chosen, lined up star and satellite arrangement, the cosading will then need
a correction before using the value in the formula. In thecdbed example it has
obviously to be divided by two. Other alignments - with cegending correction
factors - are possible and thereby the range of the micromsetdd be extended
considerably. Occasionally, when crowded stars and gatehlre lined up in this
way, it is perhaps not easy to distinguish stars and sallidlence the ‘cross’ con-
figuration as described earlier and shown in Fig. 14.5e ifeed, as it works
without this added difficulty.

Fig. 14.5 Star and satellite patterns as seen in the eyepiece.
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14.6 Disadvantages

Diffraction micrometers have one drawback. As the gratimgsists of bars and slits
with the same width, only 50% of the incident light from theutdte star will reach
the telescope optics. Of this, about 50residual light willl@ip in the zero-order
images resulting in a total loss of 1.5 magnitudes compaigdtive unobstructed
telescope. Another 20% goes into each of the first order imape rest being lost
in the additional satellites. Because of these losses tmbdication of a 20-cm tele-
scope and a diffraction micrometer will allow observatiofiglouble stars as faint
as about magnitude 7.0 to 7.5 with components which do négrdibo much in
brightness.

The diffraction micrometer formula includes the factor, the wavelength of
light. As the observation is made visually the satellitema distance from the
primary star depends on the observer’'s own wavelengthtsatysbut also on the
stars‘ colours. The observer's most sensitive wavelengtichvshould be used in
the formula has to be established by comparisons with paihsagcurately known
separations. A normal figure farto start with might be 5658, or 0.000565 mm if
p in the formulais in millimetres. This corresponds appnaxiely with the effective
wavelength of a white, class A spectral type star.

14.7 Accuracy

What about the accuracy of a home-made adjustable diffractiicrometer and
what kind of factors will influence a result?

First of all, as with all double star measures, the betterséheing conditions
the better the accuracy. Trying to get results during poemgeperiods will end
up in frustration. Good seeing allows high magnificationkjaolr in turn produce
large and easy-to-judge star configurations. Then, to obiziurate results, a series
of say 10 to 12 grating adjustments and readings should be rimaich pair; and
before the final mean values are determined, such seriekishan be repeated on
consecutive nights. Most crucial for the accuracy of theltés certainly the precise
judgement of square and right angle combinations betwees ahd satellites in the
field of view. Equally bright pairs are obviously easier tdge and are thus likely
to be more accurate than very unequal pairs.

Also the separation has an influence on accuracy; the clqsar the higher the
magnification needed for a clear interpretation of its $isgedrrangement. But the
higher the magnification the sooner the seeing can becometanlj factor with its
potential negative influence on accuracy. Neverthelefsadiion micrometer re-
sults are surprisingly reliable. Position angles can baiabt with mean errors of 1
deg. and this is good enough to proceed to the next step,jihesg®n measurement.
Based on a large number of observations made during acéesiding, it can be
concluded that for a typical double star the angular sejparatin be determined
typically with a mean error of about2%, but considerably more precise results
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have often been obtained. Indoor tests under perfect seeirdijtions with artificial
double stars have shown that still more can be expected fi@nnistrument.

What this means numerically can be shown using two typicairg{es: for Cas-
tor’s two bright components (magnitudes 1.9 and 2.9), whidhe year 2000 were
3"”.8 apart, an accuracy of better thdhDwas obtained. In the case of a faint and
wide pair, such as STF 1529 in Leo, consisting of compondmtagnitude 6.6 and
7.4 and separation’%, the separation was determined with an error of less than
0".2.

Not only are the precision of the construction and carefairtg of star con-
figurations important for the result’s reliability, the assed star wavelengths will
also, as the formula predicts, directly influence the acui@atalogues such as the
Bright Star Catalogue can supply information about the spkeclasses of brighter
stars of which Table 14.1 is a small subset. From Richardgmapers, these classes
correspond approximately to the following visual waveliasg

BO: 5620A A0: 5640A FO: 5660A
GO: 5680A KO: 5710A MO: 5760A

The wavelengths between classes A - F, F - G or G - K do not diffesider-
ably, each step being roughly 0.5%. Hence one might be tehwitéirst sight to
ignore stars’ spectral classes altogether, but why igneeduli information when
these figures will help to improve the result’s accuracy? Aack comes a warning:
initial diffraction micrometer results with these waveigi figures may perhaps
show some strange systematic variations. These can be dhe tbserver's eye
sensitivity or individual interpretation of the star andedite configurations. Such
variations can, as soon as enough experience has been datadnbe eliminated
by personal correction factors.

Is it possible to use the measuring method in reverse to tglttulate and deter-
mine the effective observed wavelengths of double starswhmesr separations and
position angles are accurately known from catalogues? &\inge database of cat-
alogue data for PA and separations, double star waveleogthise determined with
similar accuracy to separation. Such wavelength detetioimawill reveal possible
hardware weaknesses, and the overall accuracy can be ietbaceordingly.

The delicacy of spectral class distinction can also be detnated by observing
a double star whose components have very different coldussitable example is
2470, consisting of stars of spectral classes G8 and A2 stdrsimilar brightnesses
(magnitudes 4.5 and 5.7). When the images are arranged istahdard "cross”
configuration, slightly larger satellite distances for redlow G8 primary, when
compared with the white A2 secondary’s satellites, are etgue But even when
the two stars, as in this case differ by as much as two spextasdes, it is difficult
to detect the slight difference of the first order distancesalise the two satellite
separations still differ by only 1% or so. Hence, for caltinigthe separation of a
double star with components of different spectral classntlean wavelength of the
two stars can safely be used.
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Table 14.1 Pairs with known spectral types near the celestial equator

RA 2000 Dec  Pair Epoch PA( Sep() Va Vb  Sp. Types Name

01137+0735 STF100 2000 63 23.2 521 6.44 AT7IV+F7V { Psc
01535+1918 STF180 1999 O 7.7 3.88 3.93 Al+B9V  yAri
03543-0257 STF470 1991 348 6.9 446 5.65 G8llII+A2V 32 Eri
05350-0600 STF747 1994 224 35.8 478 5.67 B0.5V+BlV
05351+0956 STF738 1997 44 4.3 3.39 535 08+B0.5V A Ori
05353-0523 STF748 1995 96 214 498 6.71 O7+B0.5V 6! Ori
06090+0230 STF855 1991 114 29.2 5.70 6.93 A3V+AQV
06238+0436 STF900 1991 29 12.4 439 6.72 A5IV+F5V g Mon
08555-0758 STF1295 2000 4 4.1 6.07 6.32 A2+A7 17 Hya
12413-1301 STF1669 1998 313 5.2 5.17 5.19 F5V+F5V

13134-1850 SHJ151 1991 33 5.4 6.26 6.76 AOV+AlV 54 Vir
14226-0746 STF1833 1995 174 6.1 6.82 6.84 GOV+GOV
14234+0827 STF1835 1996 194 6.0 486 6.86 AO0V+F2V
14241+1115 STF1838 1997 336 9.4 6.76 6.94 F8V+GlV
14514+1906 STF1888 2002 316 6.5 454 6.81 G8V+K5V & Boo
15075+0914 STF1910 1997 212 4.0 6.72 6.95 G2V+G3V
15387-0847 STF1962 1991 189 11.8 6.45 6.56 F8V+F8V
18562+0412 STF2417 1993 103 22.6 462 4.98 A5V+A5V 6 Ser
19546-0814 STF2594 1991 170 35.6 5.70 6.49 B7Vn+B8V 57 Aql
20299-1835 SHJ324 1991 239 21.9 594 6.74 A3Vn+A7V o Cap
20467+1607 STF2727 2000 266 9.2 4.27 5.15 K1IV+F7V yDel
23460-1841 HIl 24 1993 135 6.8 528 6.28 A9IV+F2V 107 Agr

Is the diffraction micrometer then even capable of earnmaykndividual spec-
tral classes? For this purpose, an alternative method hwinolves measuring the
value of z directly by timing several transits of circumpuodtars can give values
of z for a typical grating to an accuracy of about 0.3%. It isewsary to have an
eyepiece fitted with a vertical crosswire in order to timephssage of the two first-
order images across the centre of the field (1) Table 14.Zgivghort list of bright
circumpolar stars with a range of spectral types which aitalsle for this purpose.

14.8 Conclusions

Diffraction micrometers have not only a long and interegstiistory, they can deliver
precise measurements at little cost. If they are made wilstable slit distances
they are easy to use because of easily identifiable starpatterolving a minimum
of calculation work. They are therefore ideally suited fonaeur observers who
want to build a micrometer for their own use.
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Table 14.2 A short list of bright circumpolar stars suitable for detaring the value of z

Star RA2000 Dec2000 \% B-V Spectrum
HR 285 0108 44.7 +86 15 25 4.25 1.21 K211
alpha UMi 02 3148.7 +89 1551 2.02 0.60 F7:1b-11
HR 2609 07 40 30.5 +87 01 12 5.07 1.63 M2lllab
delta UMi 17 3212.9 +86 3511 4.36 0.02 AlVn
HR 8546 221310.6 +86 06 29 5.27 -0.03 B9.5Vn
HR 8748 2254248 +84 20 46 4.71 1.43 K4l
zeta Oct 085641.1 -85 3947 5.42 0.31 A8-9IV
iota Oct 12 54 58.6 -8507 24 5.46 1.02 Kol
delta Oct 14 26 54.9 -8340 04 4.32 131 K21l
chi Oct 1854 46.9 -87 36 21 5.28 1.28 K3l
sigma Oct 2108 46.2 -88 57 23 5.47 0.27 Folll
tau Oct 232803.7 -87 28 56 5.49 1.27 K2l
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Chapter 15
CCD Camera Observations

Bob Buchheim

15.1 Introduction

One night late in 1918, astronomer W. Milburn, observingrigion of Cassiopeia
from Reverend Espin’s observatory in Tow Law (England);oN®red a hitherto un-
recorded double star. He reported it to Rev. Espin, who nteddbe pair using his
24-inch reflector: the fainter star was 6.0 arc-seconds fr@rprimary, at position
angle 162.4 degrees (i.e. the fainter star was south-btrsast from the primary).
Some time later, it was recognized that the astrograph o¥/dtiean Observatory
had taken an image of the same star-field a dozen years earliate 1906. At
that earlier epoch, the fainter star had been separatedtf®irighter one by only
4.8 arc-sec, at position angle 186.2 degrees (i.e. almessaluth. Were these stars a
binary pair, or were they just two unrelated stars sailingt pach other? Some addi-
tional measurements might have begun to answer this quekttbe secondary star
was following a curved path, that would be a clue of orbitatiowy if it followed

a straight-line path, that would be a clue that these arehjusstars passing in the
night. Unfortunately, nobody took the trouble to re-exaenihis pair for almost a
century, until the 2MASS astrometric/photometric survegarded it in late 1998.
After almost another decade, this amateur astronomer towle CCD images of
the field in 2007, and added another data point on the staj&ctory, as shown in
Figure 1

There is a tantalizing hint of a curved path, but it will reguadditional mea-
surements, spanning another century, to have convinciidgese of what (if any)
relationship exists between these two stars.

There are several lessons hidden in this story. First, thiewd measuring double
stars has not diminished ? there are a variety of stellaiedfutiat can make good
use of the properties of binary stars whose orbits are watlrghined. And it would
be just as valuable to know for certain that these two stagsnat related, that
they are traveling on their own independent paths which pexgpear from our
perspective to be along the same line-of-sight, but whiehrefact at vastly different
distances from us. Second, orbital periods can be very lemghat the necessary

159
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1918.94 1998.98

p=6.0 p=28.29
1906.89 B=162.4 0= 118.2
p=4.8

6=186.2 s+ 2007.96

p=8.7
8= 115.1

Fig. 15.1 Historic measures of MLB 102

measurements are likely to span an interval that is longar the life of any single
astronomer. Rev. Espin died in 1934, and while | am (as ofwhigng) still up
and kicking, | will be long gone before this orbit is closed i is, indeed, an orbit.
Third, if a pair goes unobserved for a long interval of tinine tecord of their motion
during that lost interval cannot be recovered. In the exaropMLB 102, with only
four data points, there is an infinity of possible ellipses;teof which connect the
data to within measurement uncertainties. There are a graay such pairs whose
positions haven't been measured in over 20 years, and se ithan ongoing need
for measurement of visual double stars. The amateur astreri® CCD imaging
system has all of the attributes desired in a precision mEthdc measuring device.
Using the CCD to measure double stars is one way for the amastnonomer to
become a ?backyard scientist? whose data is shared witlstilomamical research
community.

If you have taken any number of CCD astro-images, you havbttkss noticed
some close pairs on some of your images, and may have wondenetb measure
their separation and position angle. You may also have wendéthose measure-
ments have scientific value. As it turns out, it isn’t too @iffit to make the necessary
measurements with quite nice accuracy, and yes, indee@, ity be value in your
measurements.

Even better, there are readily-available software packégs will work through
virtually all of the math for you, so that the separation angifpion angle of a double
star can be determined with just a few mouse-clicks on thgéma

This project of measuring double stars is real science. trine done with quite
fine precision, and it requires both skill in imaging and rigoanalysis. Hence, you
may have some trepidation about undertaking it. Here’s nwcad skim through
this chapter, take images of a few double stars which havieattelsted parameters,
analyze your images, and compare your results to the ?we#itad? parameters.
You will probably find a few problems, or discover that you raadfew mistakes;
and you'll also see that the mistakes are easily correct@t.t\is experience, your
second session will probably be quite successful, and youlen begin measur-
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ing and reporting double star parameters for the benefit oEouand future as-
tronomers.

15.2 Principles of CCD Double Star Astrometry

Consider the CCD image shown in Figure 2. Near the center iirly fwell-
separated double star (SKF-10). How do we determine thea@maand the posi-
tion angle of this pair, from such an image?

North

Fig. 15.2 CCD Image of the pair SKF-10

The geometrical idea is pretty simple — draw a line from thienpry star to
the secondary star, measure the length of the lag)e dnd measure the anglé)(
between that line and the direction pointing north. Thissbéng questions of how
you know the image scale (how many arc-sec per pixel) andhtlageé orientation
(which directions are ‘north’ and ‘east’ on your image). C@8uble-star observers
use image-processing and analysis software to make thessygecalculations and
reductions. There are two ways that these software packegetie the necessary
computations: ‘astrometric fitting’ and ‘plate scale/ireagientation’. The next two
sections describe the concept and procedure for each &f thethods.

15.2.1 The ‘Astrometric Fitting’ Method

Suppose that you could determine the RA, Dec coordinatesearfyestar in your
image. This is the essence of the ‘astrometric fitting’ mdtbbimage calibration.
The idea is to find a transformation from pixel coordinateR#£q Dec coordinates,
such as (in matrix notation):
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o) -1y

The transformation matrix [T] describes the scale, pasjtend orientation of
the celestial coordinate frame relative to the pixel covaté frame. The process
of determining the transformation from (x,y) to (RA, Dec)aften referred to as
‘matching’ the image to an astrometric star catalog. Theheragtical details need
not concern us here, because you won't have to do any of itsgtfur

15.2.1.1 ‘Matching’ the image to a star catalog

If you use a CCD, you also have software for viewing, reducamgl analyzing the
images - programs such asaMim DL, CCDSoFT, AIP4WIN, and ASTROART are
widely used. Each of these packages can match the imagedo @astlog, so that
you can retrieve the RA, Dec of each star in the image simphfibing on it. Deep
in the software code, these programs are determining theftlanation matrix as
part of their matching routine. Astrometric-analysis s@fite packages such as MPO
Canopus or Astrometrica also match your image to a starogpteith just a couple
of mouse-clicks, enabling you to display the calculated R&¢ coordinates of any
star in the image

An example, using Software Bisque's CCD#Sr, is shown in Figure 3. With
CCDSoft and TheSky both open, the command ‘Research/\W&St conducts a
match between the image and the star catalogiaSKky, and reports some infor-
mation about the results of the matching. Although the egantmand and screen
shots differ, all of the programs mentioned do this task irywémilar ways.

15.2.1.2 Measuring unknown pairs

Once the image has been ‘matched’, you can click on any staeirmage and the
program will display the calculated RA, Dec coordinatesefstar. So, click on the
two stars of your pair, and jot down their coordinates. Gittem RA, Dec of two
stars, the separation and position angle are calculated by:

p= \/(Aa.cosﬁl)z + (& — &1)%radians

_144.COD
%0
whered,, &, are the declination of the primary and secondary starpertively

andas, a, are the right ascension of the primary and secondary sesgectively,

andda = a, — a; is the difference of RA, and all of these angles are expreissed
radians.

O =tan radians
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Fig. 15.3 Example of Astrometric Fitting (using CCDSoft and TheSky)

The calculated position angle, , must be resolved to thecbquadrant in order
to yield the astronomical position angle (?, measured fretastial north, toward
celestial east):

sign of sign of quadrant position angle

+ + | 6=0

+ - 6=m+0O

- + 6=m+0O

- -V 6=2m+0

These calculations can readily be put into a spreadshe#tasall you need to
do is enter the RA, Dec of each of the two stars, and the spneatiill calculate
andf. An Excel spreadsheet that does this is available at [ilg@ihger website].

The MPO GaNorus and AIP4WN software will do all of these calculations
for you. With their ‘double star’ utilities, you select themary star and set it as the
reference, then select the secondary star, and the sepeaati position angle are
displayed - no calculating required!

15.2.2 The ‘Plate Scale and Image Orientation’ Method

Any software than can read and display your CCD image will lle o show the
pixel coordinates (x,y) of your stars. With that informatjggou can find ? and ? in
pixel coordinates. In order to translate them from the peagrdinate frame to the
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celestial coordinate frame, you need to find the image sealé the orientation of
the celestial coordinate frame in the image.

The ‘image scale’ expresses the magnification of the imagard-seconds per
pixel. It is denoted by E. It is sometimes referred to as that&scale’, in honor of
the glass plates that were used before CCD imagers tookloeéask of recording
images at professional observatories. If the distanced®siviwo stars is R pixels,
then their separation in arc-seconds is just:

xp=E.R arc — secs (15.0)

The ‘image orientation’ expresses the rotation of the CCBgerelative to the
celestial coordinate frame. It is denoted Ay This is the angle between celestial
North and the X- or Y- axis of the image.

The image scale is primarily a function of telescope focagith and the physical
size of the CCD pixels, although it can also be affected by$athanges and other
secondary effects. Image orientation is primarily deteediby the rotation of the
CCD camera in the telescope’s focus tube, and of the way thgers read, stored,
and analyzed, although again there are secondary effattsah affect the orienta-
tion angle. Therefore, these two parameters (EAnohust be determined for each
observing session — which I'll refer to as ‘calibrating’ tineages for that observing
session. If the camera is not moved, these parameters vaitigehlittle (if at all)
from night to night; but it is a necessary discipline to chék calibration for each
imaging session to ensure the best accuracy of your measuatenfortunately, the
calibration requires no more than a couple of images, soasdd impose a trou-
bling loss of observing time. The reduction of the calilmatimages also isn’t too
time-consuming.

15.2.2.1 Determining the image scale (E) and image orienfanh (A)

The image scale and orientation are determined by analymiages of one or more
‘calibration’ pairs, whose separation and position angéesacurately known. Then,
using the values of E and ? determined from these ‘calibmagiairs, it is a simple
matter to translate images of other pairs from pixel coatdia (x,y) into separation
and position angleq 6).

The concept of this method is illustrated in Figure 4. In otdeuse this method
you need to know the approximate orientation of the CCD infageroughly which
way is ‘N’ and which way is ‘E’ on the image). Position anglealsvays measured
from North toward East, so you need to know whether that m&alwckwise? or
?counterclockwise? on your image. There are two ways taméte this: ?eyeball
matching? your image to a chart from a planetarium programsimng a star trail
image. For most imaging setups it is common practice to coenygaur image to the
chart on your planetarium program, to (for example) prop&eme the image and
adjust any pointing errors. Most planetarium programs eidplay a compass rose
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showing the cardinal directions (N, E, S, W). From that, yan easily see (and
record in your notebook) the image orientation.

If for some reason ‘eyeball matching’ to your star charttigmactical (perhaps
a very narrow FQV, or a sparse field where there aren?t endaghte compare
the image to chart), then you can make a star trail image. @peshutter, wait a
couple of seconds and then stop the clock drive. The ‘blainhhe star trail (i.e. the
deeper exposure before the clock-drive was stopped) st@sastward (starting)
location of the star trail. Midway through the exposure, greithe telescope a bit
toward the South. The resulting ‘bump’ in the star-traillvpibint Northward on
your CCD image. In the example shown in Figure 4, ? increasesterclockwise,
but depending on your setup ? the type of telescope, thermesé a star-diagonal,
etc. ? the opposite may be true for your images.

Now, make an image of a ‘calibration pair'— a pair of stars séeeparation and
position angle are accurately known. From this image, wedeilermine the plate
scale (E) and image orientation angl®) ( Determine the position of each star, in
pixel coordinates:

«xPrimarystar= (x1,y1) Secondarystae= (X2,Y2) (15.0)

If the known separation of the calibration paigg, (in arc-sec), the plate scale
is calculated by:

Pcal " i
E= perpixel
V(2 —x1)2+ (y2 - y1)?
The angle to the secondary star in the pixel coordinate fraithée calledBc4,
defined by

(Yy2—y1) _1(y2-y1)
tan = ——-= sothat =tan *——=
(Bcal) (Xz — Xl) Bcal (X2 — Xl)

The image orientation anglé\j is the rotation of the image relative to the ce-
lestial coordinate system - you can think of it as the anglevben the X-Y axes
of the CCD pixel array and the RA-Dec axes of the sky. We knaat the position
angle of the calibration pair i€ (relative to the celestial frame). By reference to

the example in Figure 4, you can see that

Ocal = Beal —A+Nm so that A= Bca — Bca+NTT

The term Nt indicates that, because of the quadrant ambiguity in theaarc
function, you will need to examine the graph of your image] adjust the calcu-
lated value of

tan 1(4y/Ay)

to put it into the correct quadrant, with N=0, 1, or 2 depegdin the quadrant.
By the way, you can use astrometric fitting as a way to detegrifie image
scale and orientation, or to check your calculations. Loakkbat Figure 3: The
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information that was displayed about the astrometric fithef image included the
image scale (E ="114 /pixel) and image orientation anglé € 182°.06). Most (but
not all) astrometric fitting programs report this infornoatj which you can either
use “as-is”, or use as a check on your calculations from thkbiation’ pairs.

Step 2: . Step 1
Make image of a “known pair”. CCD image of “known pair” CCD image of star trail Make 4 star trail: Open the
In this example, X shutter, then stop the clock
separation= p,,, = 12.3 arc-sec drive — the “blotch” shows the
position angle= 8, = 212 deg I Eastward (starting) end of the
¥ star trail. Nudge the telescope
Position angle, 8, is measured Southward mid-way through
from North toward East 8, so in wecondary | 8 the exposure.
this example 8 increases in the gw /\j/.
counter-clockwise direction &l Star trail shows the
(your imaging setup may be il . approximate orientations of N
different!) and E, on image.
approx
N
Step 3:
Calculations:

From the known position angle,
8,4 , calculate the CCD image
orientation relative to celestial

sscondary ‘iu’uvf‘ N
N

\

secondary

1“/’

6,,= 212 deg
\.

angle relative to \ \
OCD pixel axes, B . \

North (8) - see text. P \

@) oy W] |
From the known separation 1 / primary I
Pea, calculate the CCD L J
imager’s plate scale (E) - see 4 Vi
text image =] 7

orientation -
celestial North, angle, A B

determined based
on known 6_, of
calibration pair

Fig. 15.4 Using a ‘Calibration pair’ to determine image orientation

15.2.2.2 Measuring unknown pairs

Now that you know E and\, you can determine the separation and position angle

of any pair on any image. Just determine the pixel coordinatéhe two stars,
primary star centroid = (% y1); secondary star centroid =4xy>)
and apply the following equations (in pixel coordinates):

p=e \/(Xz —x1)2+ (Y2 —y1)?pixels

— A+ nrradians

radians Eq. 7

Always make a little graph (like Figure 4-d) to confirm thatuyacalculation
of the inverse tangent is in the correct quadrant. Dependinthe orientation of
celestial axes relative to the CCD X and Y axes, you may needjigst the results
by 4180 degrees (N radians) to put it in the correct quadrant.
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This method of calibrating your images is nicely automateithée software pack-
age REDUC, which does all of the math and turns this methaxlantery quick
and easy procedure.

15.3 Special-purpose software

Your normal CCD image-processing software can do a fine j@mafyzing most of
your double-star images so that you can use Eg. 1 and Eq. 2}.& &d Eq. 7, to
determine the separatiop)and position anglef). CCDSoft+ TheSky, MaximDL,
AIP4Win, and AstroArt are all quite capable programs in teigard. AIP4Win even
includes a distance-measurement tool that determinesefheation and position
angle of any two stars in the ‘matched’ image.

If you catch the double-star bug, you may find that the additideatures of
special-purpose software applications are useful to ybted such programs that |
am most familiar with are Astrometrica, MPO Canopus, and RED

Astrometrica, by Herb Raab, is a general-purpose astrgmedgram. Some of
the unique features of Astrometrica that are useful for t¢®gbar measurements
include:

e With an image open, a one-click command will match the image teference
star catalog. With the matched image, you can click on angatpgnd a window
opens showing you the (calculated) RA, Dec, magnitude, amesnformation
about the quality of the fit. The RA, Dec from each star in a paim then be
entered (by you) into a spreadsheet, to use equations Ed.E@R to calculate
p, 0.

e Astrometrica will open and astrometrically analyze a bat€himages with a
single command.

e It supports a wide array of modern astrometric catalogs. dtelogs can be
stored on your local hard disk, or accessed over the intdragge, modern astro-
metric catalogs such as UCAC3 and USNO-B1.0 can be loadedyouir local
hard drive (e.g. 7.9 GB for the 100,766,420 objects in the G8Awith positions
accurate to about 0.02 arc-sec and including proper mofidt® internet-access
feature is quite seamless, and enables you to access g \@réttrometric cat-
alogs, including the 100 GB NOMAD catalog

e Itis the only program | am aware of that allows you to seleghkr-order plate
constants. Most programs use first-order plate constamishvin effect mean
that they assume that the image scale and orientation agaciracross the
image. This is usually a quite good assumption, but if youehawide-FOV
system, or field curvature or any of a variety of possible etiems, the use of
higher-order plate constants may be helpful.

e Astrometrica uses a form of PSF-fitting in order to deterntime location of
stars. For bright, isolated stars, there is no noticealfferdnce between this
PSF approach and the intensity-centroid approach used byatiwer programs.
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However, for closely-spaced pairs, where the PSFs begiutht Astrometrica’s
algorithm seems to do a better job of separately locatingwtbestars.

Astrometrica is distributed by internet download. It carpbechased atmww. astronetri ca. at .
As of this writing, the license cose25. Astrometrica is 'shareware?, so you can
download and use it for 100 days to confirm that it meets yoadsgbefore paying
the license fee.
MPO Canopus, by Brian Warner, is a full-feature astrometrid photometric
program. Some of the unique features of MPO Canopus thatsafalifor double-
star measurements include:

e MPO Canopus includes a clever double-star utility. Onekadic each star in the
matched image, and the double-star utility calculateglays, and reports the
separation and position angle of the pair (i.e. no need t&Wwoough Eqg. 1 and
Eq.2)

e Correction of the position angle for precession, to the Bpdobservation. (See
the discussion below on precession). The preferred rewpofi position angle is
based on the pole and equator of the epoch of the date of atieermwvhich MPO
Canopus will do automatically. Other ?astrometric fittiadgforithms inherently
report the position angle based on the pole and equator oégbeh of their
underlying catalogs. This is usually a small effect, untesgair being measured
is very close to the celestial pole (e.g. Dec 85 degrees),

e Use of any of several astrometric catalogs, including USNID-USNO-A2,
UCAC-3, and the proprietary MPOSC3 astrometric/photoimettalog.

e A convenient utility for automatically measuring a batctimages, collating the
measurements, and creating a report form.

e MPO Canopus has the ability to sum images in 32-bit formaickexpands the
numerical dynamic range of the calculations.

MPO Canopus is distributed on DVD (which includes the progead the MPO
photometric and astrometric Star Catalog with 300M stdrgpn be purchased at
www. m nor pl anet obser ver. com As of this writing, the licensed DVD costs
$65. A multi-seat educational license is available for #ms price.

REDUC was developed specifically for double-star measunésniey Florent
Losse. It implements and streamlines the use of the ?image and image ori-
entation? method. Some of the unique features of REDUC are:

e REDUC has routines that will calculate your plate scale-&ac/pixel) and field
rotation based on one or more calibration pairs.

e REDUC can use either a calibration pair alone, or a calibnapiair plus a star
trail image to define the image orientation.

e It offers ‘two-click’ measurement of the position of eaclarstwith automatic
calculation of the separation and position angle of the pnual-entry or ?cal-
ibration pair? determination of plate scale (arc-seclpo@n be used.

e Itdoesafine job of accepting a batch of image files of a douhteautomatically
reducing all of them, and creating a report with each imagessilts, plus the
average and standard deviation of the batch.
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Its image-evaluation utility sorts a batch of images in o@fguality

Automatic calculation op, 6 as each image/pair is measured

Automatic report-preparation

REDUC includes a ‘Surface’ routine, that implements a \wmrsf PSF image

modelling to accurately measure very close pairs, whosesBS€rlap signifi-

cantly. This is the only program that I'm aware of that caiataly and accurately

reduce pairs that are so closely spaced that their imagespveticeably.

¢ Its magnifying and re-sampling algorithm can help sepackatgely-spaced pairs
for measurement.

e REDUC is freeware! This very sophisticated package is als&lfree, upon re-

quest from the author.

Go to the author’s website at www.astrosurf.com/hfosafd, fllow the instruc-
tions to request the software download.

15.4 Mathematical Considerations

The idea of determining separation and position angle isamy eoncept ? you
probably worked this problem in your high school Trigonorpetass. That really
is all thatis required to make a double-star measurememg ysiur CCD image, and
as we?ve seen, there are several choices of software packegevill do most of
the arithmetic for you. So, it isn't absolutely necessast frou know what is going
on inside those software packages. However, in order torstadel the rationale
behind some of the advice coming in the sections about thgimgaequipment,
procedures, and pitfalls, it helps to peek through the guéthe mathematical
methods.

15.4.1 Position of Stellar Image - Intensity Centroid and PS
match

A star’'s image is not a mathematical point. How do we define?tbeation? of the
star? How do we measure the location? And, can we determénstéin’s location
more accurately thatt1 pixel? It is worthwhile to look closely at the CCD image
of a single star while considering these questions.

15.4.1.1 The Point Spread Function
When your telescope focuses on a single star it forms andityedistribution on

the focal plane (the CCD chip), called the Point Spread FondPSF). Ideally
this is a smoothly peaked brightness blur, which represetgonvolution of the
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telescope’s diffraction and aberration characteristics,atmospheric effects, and
any ‘accidental’ defects such as tracking error, as shoviigare 5. The CCD chip
then does three things to this smooth PSF: it spatially nateg the brightness over
each individual pixel, it samples the pixels, and it addsesavtypes of random
noise. The net result of this is a discretely-sampled, ne&gion of the intensity
distribution. The exact nature of this sampled PSF dependsesize of the pixels,
and where the star is registered on the pixel array.
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Fig. 15.5 The CCD’s image of a star — the Point Spread Function (PSFp-biarred, discretely
sampled intensity distribution, with random noise added.

The width of the PSF is frequently described by its full-vhigtt-half-maximum
(FWHM). The FWHM may be expressed in either pixels or armses, depending
on the context.

An important feature of the sampled PSF is that even in theradgsof noise,
the center of the brightest pixel may not be the best estiwfatee location of the
center of the star’s underlying Intensity PSF. An illustraexample of this is shown
in Figure 6, for a case offbpixels, and the star’s ‘true’ center fallingi2o the right
of the ‘center’ pixel. Simply assuming that the brightestgbis the position of the
star would be in error by nearly half a pixel width. We can dacimbetter than that!
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Fig. 15.6 The center of the ‘brightest pixel’ is not the best estimdtihe star’s position

15.4.1.2 Intensity Centroid and PSF fitting

The best estimate of the location of the star's image is listeden to be the inten-
sity centroid of the sampled point spread function. If we ps@l coordinates (X,
y), the coordinates of the intensity centroid are:

oo XY g ZHY)
> 1(xy) > 1(xy)

The summations extend over the ‘measuring aperture’ - ttadl grartion of the
CCD image that encompasses the star. The measuring aperayrée square or
circular depending on the software that you use ? either ite @ecceptable. The
measuring aperture should normally be selected to be laxgeagh to capture all of
the star’s light, but not so large that it captures a grealt afeldackground sky, nor
any other nearby stars. A typical starting choice is a méagaperture that is about
2 to 3 times the FWHM of your star images.

There are two important features of these equations foreh&aid.

If the pixels are too large compared to the size of the opB&#H, then the star’s
location can be lost inside the large pixel. Suppose thapikeds are so large that
only a single pixel has light on it. This is the situation dttated in Figure 7b. The
equations then tell us the location of that one-and-onlymihated pixel: the best
estimate of the location of the star is the centroid of tha-and-only pixel. In this
situation, there is a limit to the accuracy of your positi@tetmination ? you can’t
know the star’s location more accurately tha@.5 pixel.
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As the pixels become smaller (compared with the optical PBEn the sampled
PSF becomes an increasingly more accurate representéatimmaptical PSF (as in
Figiure 7a, and Figure 6). The equations can then find theitocaf the centroid of
the star to a small fraction of a pixel. For a typical backy@@D imaging set-up,
with a scale of about 1 arc-sec/pixel, you should be ableligeae position accuracy
of a tenth of an arc-second, which is quite remarkable acgiira

(a) Small pixels: Well- (b) Too-large pixels: Star
sampled PSF. Star is “lost” inside a single
centroid can be pixel. Centroid cannot be
accurately computed to determined to better than
small fraction of pixel. + 0.5 pixel.

ANEE .

ANEE

T

Fig. 15.7 (a) With small-enough pixels{ 0.25 FWHM) the star’s centroid can be calculated to a
small fraction of a pixel. (b) With too-large pixels, therstan be ‘lost’ inside a single pixel

An alternative definition of the ‘location’ of the stellar &ge, called ‘PSF fitting’,
is sometimes used. In particular, the program Astrometriess this approach. The
idea is to construct a mathematical/theoretical PSF, amfitfia best fit (position,
intensity) between the mathematical PSF and the actualentajl the model PSF

PSHX,Y;Xo,Yo) = F[(X—Xo), (Y — Yo), Ao, Wo]

where the center position of the model star ig, (%), its intensity is AO, and
the ‘spread’ of the PSF is described by the parameter wO0.elfaittual intensity
distribution of the star image is I(X,y), then the estimdtthe position of the star is
the position (%, yo) that minimizes the sum-square error:

X2 =3 [PSFx,Y; %0, Yo) =1 (x,Y)]?
where the summation extends over all pixels in the measwaegture of the
image.
As long as the image has a high signal-to-noise ratio, is-feethed, well-
sampled, and not affected by neighboring stars, the ‘cefitamd ‘PSF fit" will
give the same the same result for the position of the star.
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15.4.2 Position of Double-Star Images

The image of a close pair of stars is just the sum of their twe'®Figure 8a shows
the intensity profile of a widely-spaced pair of unequal magles, displaying two
distinct peaks. In this situation, it is practical to detérenthe position of each star
by calculating its centroid, because there is a reasondédy boundary between
the stars.

As the separation becomes smaller (Figure 8b), the staosrieso close together
that is isn't possible to measure their individual centsoid/ith no clear boundary
between the stars, their individual PSFs have blended istogde blur, and wher-
ever you place the measuring aperture for star #2, it willitably include some of
the light coming from star #1, which of course invalidates ¢lentroid calculation.
The greater the magnitude difference, the wider the pait mg order to cleanly
distinguish the two stars. Note that the situation can gaesult in there not be-
ing two distinct peaks in the combined intensity distribatilnstead of a secondary
‘peak’, the fainter star may be represented by only a bulgkérside of the PSF.

How close is ?too close to measure?? The point at which sudvetapping
intensity profile becomes ?too close to measure? dependsvanedy of factors.
The larger the delta-magnitude, the more widely separ&iedtars must be to be
measurable. The higher the SNR, the more distinct the fagtée will be. If the
width of the star's PSF becomes smaller (e.g. due to a nighéttér seeing), then
closer pairs can be measured. In general, once the starmbeztoser than about
2X FWHM, they are difficult to separate. Closer than about 2¥HVI, the centroid
algorithm is likely to be problematic because there is n@tra clear separation
between the stars? PSFs.

The ?PSF fitting? algorithm can usually derive accuratetiposi for stars that
are somewhat closer together than the ?centroid? algociéimhandle. Still, at sep-
aration less than 2X FWHM it is likley to also have a hard tiraparating the stars.
One nice feature in this situation is that the magnified viéthe ?calculated? and
?image? PSF (in Astrometrica) gives you a good indicatioth@fadequacy of the
fit. If the stars are too close to measure it will be obvioustendisplay.

15.4.2.1 PSF Image Modeling

When the stars in a pair are so close that their PSFs ovegaifisantly, any method
that relies on separately determining the position of esahvsill be problematic.
As shown in Figure 8, because of the overlap it isn’t Omednirng search for a
boundary where one star ends and the other begins; insteadtar's PSF simply
fades into the other. Worse, the centroid of the fainterrsi@y not correspond to a
locally brightest pixel. In fact, there might not even be ac2lly brightest? pixel.
And any error in finding the centroid of the stars will tratislinto a quite large
error in position angle.

One solution to this is to use a mathematical approach tlaat éxtension of PSF
fitting. Instead of finding/measuring the position of ean stdividually, you make



174 15 CCD Camera Observations

a mathematical model of two overlapping PSFs, and find tharagpn/position
angle that minimizes the difference between your math maddlthe actual im-
age intensity distribution. Much closer pairs ? down to adot FWHM ? can be
measured with such a ?PSF image modeling? algorithm (asguwell-sampled
images, good SNR, and not-too-large magnitude difference)

Call the actual image intensity distribution

[IMAGE(x,y)

and the mathematical model of the PSF of a single star cehédie, y1)

PSHX,y) = f{(x=x1), (Y — Y1), Wi, Wy

Separation = 2X FWHM, delta-mag = 1.5

— — star1

— — star2 (a) With two “well-separated” stars, there are
sum image +0.05| two clearly separated brightness peaks, and
a brightness minimum between them. The
individual centroids are reasonably well-
defined, because the measuring aperture
can be placed over first one, then the other
star.

Separation = 1X FWHM, delta-mag = 1.5
— — star1
—— star2
—— sum image +0.05

(b) When the stars are very close together,
the second star doesn't show a well-defined
peak — it is just an inflection point on the
merged PSF. The centroid of the individual
stars can't be calculated, because their
images overlap.

“PSF fitting” can deal with some of these
extremely close pairs.

Fig. 15.8 ‘Too close’ pairs do not display distinctly separate imagetsvo stars become one
merged image.

The function f can be any well-behaved function that reabynmatches the
shape of the PSF ? different authors have used GaussianatiMaffd polynomial
functions. The mathematical model of two stars, centerdalatyl) and (x2, y2)
respectively, is just the sum of their two PSFs, scaled bi tieéative brightness.
Call this the ?model? intensity distribution:

ImopeL = A1 F{(X—X1), (Y — Y1), Wi, Wy + Ao F[(X = X2), (Y — Y2), W, Wy]

where A and A are the relative brightness of the stars, ang w, describe
the width of the PSF function (e.g. theif a Gaussian PSF model is used). The
squared-difference between the image and the model is:
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Xz =" [limace — ImMopEL]?

The challenge is then to search for the valuesio¥x, X2, y2, wx, Wy, A1 and A
that minimizesy?, and to compargiace to ImopeL to confirm that the model is,
indeed, a good match to the actual image.

This approach is quite a bit more work than using ‘astroroditting’ or ‘image
scale and orientation’, with their user-friendly commargirograms, but it does
permits the accurate measurement of pairs that would otbeitve too close to deal
with. An example of a very close pair (separation slightlssl¢han 1X FWHM) is
shown in Figure 9.

| am not aware of any commercial software that implements théthod, al-
though the 'Surface? routing in REDUC appears to be a verilagifiormulation.
The necessary calculations can be programmed into a spestdd/ost modern
spreadsheet programs (e.g. Microsoft Excel) includetiteraolvers that will search
for the parameter values that give the best fit between maodkinaage.

|~ MoffatPSF model arrayI
[ C T a0

1000 m1600-1800
014001600
m1200-1400
810001200
WB00-1000
0600800
0400600
200400
20-200 |

cww] | (FWHM= 4.9 arc-sec)
4060 PSF model results

"S“ separation p = 4.1+0.1 arc-sec
200 pos. angle ® =-1 £ 5 deg

040-20 mag. difference = 0.8 mag
5040
:60-60

Fig. 15.9 Example of the capability of PSF-modeling to measure a viesegair on a CCD image

15.5 Considerations Related to Atmospheric Effects

We live at the bottom of an ocean of air, and the atmosphergesaauvariety of dis-
tortions and degradations to starlight before that ligheesour telescopes. Whereas
photometrists prize the clearest nights, and deep-sky-astgers are happiest un-
der the darkest sky, the condition of most value to doulde-steasurements is
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stability: no atmospheric turbulence to blur the star insageasurement of double
stars is not noticeably affected by haze, light pollutionpmonlight, so this is one

project that can be pursed on those full-moon nights wheep dky observing or

photometry are not practical. And if conditions are poor aight, you can simply

try again ? unlike comets and asteroids the double starbgdlailable in the same
place for a repeat attempt on a better night!

The air scatters and absorbs starlight, so that in geneyaktam will appear
fainter and redder when it is near the horizon than it doeswihis at the zenith.
This effect is very important for photometry and spectrggc@nd as a result as-
tronomers have developed a variety of ways to determinedamgpensate for) this
effect. It does not have a direct adverse impact on doubleost measurement,
but you may have to consider it if you are measuring the magdaitolor difference
between the two stars.

The air also bends starlight, and this bending can (roudtdyhought of as three
effects: refraction, turbulence, and dispersion.

15.5.1 Refraction

Refraction refers to the fact that a light ray is ?bent? bydiesity gradient of the
atmosphere (dense near the surface, tenuous at high effjtuthe closer a star is
to the horizon, the greater the displacement between itsePeed? position and
its ?true? position. This effect is illustrated in Figure R&fraction always makes
the star appear to be higher in the sky than it would be in tlserade of Earth’s
atmosphere; and the change of refraction angle as the stegsnasvay from the
zenith is quite spectacular. It is this effect that causes?tival-shaped? Sun when
it sets over a low horizon.

Happily, the effect of refraction on measurement of doutdessis quite modest.
Since both stars of a double-star pair are very close to ethen,dhey are refracted
almost identically, so that their measured separationeaisgiearly unaffected. The
magnitude of the difference in refraction between the tveossin a pair (assumed
to be aligned vertically, which is a worst-case assumpti@sjown in Figure 10c.
When the double star is fairly high in the sky, (say zenithatise less than 60
degrees, i.e. 30 degrees or more above the horizon) you catlyuseglect this
effect, since it is much smaller than the probable accuragpar measurements

15.5.2 Turbulence ('seeing?)

Atmospheric turbulence makes stars ?twinkle?, and mowesttr images around
randomly. For most situations, the CCD exposure is long ghdbat these ran-
dom motions are time-averaged into a smooth blur (the P®méad Function), and
the center of the blur is a good estimate of the position ofstiae on the image
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plane. Very short exposures (such as those used in ?luclgingf?, as discussed in
Chapter xx) can ‘freeze’ the turbulent motion, so that tlee'simage is becomes a
nearly-perfect diffraction-limited spot; but still, tharbulence will cause that spot
to move about, so that each short-exposure image placetathgpst in a slightly
different location on the image plane. The image may be nekitaction-limited,
but it still bounces about a bit from image to image.

Will two adjacent stars ‘bounce about’ in exactly the sameg,vaa will the at-
mospheric turbulence cause them bounce toward or away facin @her, thereby
changing the separation and/or position angle? Theotstigdies show that bounce
toward or away from each other. The magnitude of the RMS sd¢iparchange de-
pends on the details of the atmospheric conditions at the tifrobservation, but
most models give pretty similar predictions. The trendsiamgtive: more widely
separated the stars are (so that each star ‘sees’ turbulextée less correlated with
whatits neighbor 'sees’), and the shorter the exposure(smthat there is less time-
averaging of the turbulence-induced motions), the grahterelative motion will
be. However, for the situations likely to be encounteredrgi@ur astronomers and
backyard scientists, it does not have a significant amitlitie turbulence-induced
RMS change in separation is shown as a function of exposueeiti Figure 11, for
an 8-inch (20-cm) telescope, and pairs separated by 30earessd 150-arc-sec.
When the exposure is longer than a few seconds, the RMSatitfiet position fluc-
tuation caused by atmospheric turbulence is less than €-4esr— a tiny fraction of
the nominal separation of any measurable pair.

domamo rc.soc)

Fig. 15.10 Total refraction and differential Refraction.

So, be aware of this effect, but don’t worry about it unless goe using ex-
tremely short exposures. If you must use very short expsstaking and measur-
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ing multiple images and averaging the resulting measurésres the same ?time
averaging? effect that longer exposures would give, redLitie effective amplitude
of this effect.

1 RMS differential motion of two close stars
(change in separation angle)
D= 8-inch (D= 20-cm) aperture telescope

delta (arc-sec) RMS

p~ 150 arc-sec

p~ 30 arc-sec

15
exposure time T (sec)

Fig. 15.11 Differential image motion caused by atmospheric turbutesonly noticeably on very
short exposure images

15.5.3 Dispersion

Differential chromatic refraction: The third property biet atmosphere ? dispersion
? is that it bends blue light more than it does red light (bsedhe refractive index
of air is higher in the blue than it is in the red). Each stahisstspread out into a
little spectrum, with blue light deflected toward the zeratid red light toward the
horizon.

The theoretical amount of differential chromatic refrantas a function of wave-
length, for an observatory at sea level, is illustrated gué 12. This graph shows
the angular dispersion between the indicated wavelengttsr§), and a wavelength
of ?=0.5 ?m that was arbitrarily chosen as the ?reference&leragth. Note that the
dispersion increases dramatically as the viewing diraeciijpproaches the horizon.
(The dispersion effect becomes smaller for higher elemailmserving sites, but the
advice to avoid viewing too close to the horizon ? i.e. belewith angles of about
60 degrees ? still holds).

These curves show that different colors of light are refddightly differently,
and that the effect increases dramatically at large zemighea. Suppose that you
were dealing with two stars, one of which was quite blue,atwdg only at 0.4 ?m,
and another star that was quite red, radiating only at 0.6F2rther assume that
your sensor has uniform sensitivity, regardless of wawgtlerand that there is no
turbulence in the atmosphere, so that the star images dezthgsmall (all of these
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assumptions are, of course, quite unrealistic, but thgytioalisualize the situation).
In this idealized case, at 50 degrees zenith angle, the bdnéssmoved by 1 arc-
sec (toward the zenith) and the red star by -0.5 arc-sec (&waythe zenith), so
that their apparent (observed) separation may be betwar®sec smaller to 1.5
arc-sec greater than ?truth?, depending on which star iehig the sky. That's a
significant effect, compared to the 0.1 arc-sec accuradyth&re striving for!

3 | Atmospheric Differential refraction for different effective wavelengths, compared 7
to 0.5 um "reference wavelength" /

— -~ 04pm /
——0.5um /‘
——0.6um -7

1 —-=07um -

delta refraction (arc-sec)
o

-3

Fig. 15.12 Dispersion (Differential Chromatic Refraction) can be éicenble effect for sightlines
that are close to the horizon.

In a more realistic situation, the stars radiate in all cglbut the blue star radiates
more blue than red, and the red star radiates more red thandauhe centroids of
their spectra are differentially moved, a bit. The CCD serisanore sensitive to
some colors than others (e.g. an unfiltered CCD tends to be swarsitive to red
than blue light), and this spectral sensitivity curve tetmseduce the impact of
differential refraction of starlight. The narrower the C€Bpectral response, the
smaller the effect of differential refraction.

This atmospheric effect argues strongly for imaging thespahen they are as
high in the sky as practical. In general, ?too close? to thizdw means lower than
30 degrees elevation. There is no drawback, and might be bemefit, to using a
spectral filter, especially if you are forced to image at éazgnith angle, or if you
know that the colors of the stars in the pair are quite difierd Red or Infrared
filter is preferred (since dn/d? is smaller at longer wavgiks).

As a practical matter, this is not likely to have a significeffiéct on your double-
star measures, as long as you observe near the zenith. Ifguxeidny reason to
suspect that the stars are of significantly different c@od you can?t observe them
high in the sky, then using a narrow spectral filter will redtite effect of dispersion
on your images and measurements.
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15.6 Considerations Related to Taking and Processing CCD
Images

Almost any amateur telescope/CCD combination can be usedie useful double
star measurements, so if you already have an imaging sys&mepurage you to
press it into the service of double-star science! The fdlowguidelines may help
you adjust your setup for the best possible accuracy; or ylpselect which of
your imagers+telescopes will make the best combinationvhat follows, | will
assume that you have already confirmed that you have an abdephaging setup:
the telescope is well-collimated and can be accurately diaa target, the mount
tracks accurately and smoothly (possibly with the help ohatoguider), the focus
can be smoothly and accurately adjusted, and the resolititie images is limited
by either seeing or diffraction.

15.6.1 Image Sampling and Pixel Size

One significant difference between double star measureamelthore artistic astro-
imaging is that double star measurement requires well-Ehimages, in which the
pixels are smaller than the stars PSF. (Refer back to thasigm about determining
the star’s location). The requirement that the pixels baiBaantly smaller than
the size of a star’s image is an aspect of the Nyquist sampilimgiple: the PSF
must be ?well sampled?. The pixels should be two or threestsnmaller than the
FWHM in order to get a good representation of the shape of ®le IFiguring
that most amateur observing locations present atmospéegiog of 1 to 3 arc-sec
(FWHM), the general rule is to strive for pixels that subtératween 0.3 to 1 arc-
second. Smaller is generally better, and anything larger tharc-sec is likely to be
problematic.

If the physical size of the pixels in your CCD is D ?m, and yagdl length is F
millimeters, then the angular size of your pixels is

D

Qo= 2063E

arc-sec
Most commercial CCDs (and digital SLR cameras) have phigisals sizes

in the range 5u to 24 u. All other things being equal, double-star measurements
suggest selecting a CCD with pixels at the small end of tlmgeabut if you already
have a CCD imager with larger pixels, that is not really a pgob? it just means that
you should arrange to use a long-enough focal length (psrapdding a Barlow
lens to your optical train). Achieving a pixel angular siZd @rc-sec, implies focal
length in the range of 1000 mm (forbpixels) to 5000 mm (for 24 pixels). These
are not extravagant requirements. A 4-inch /10 telescopan( 8-inch scope at f/5)
provides F~ 1016 m, and a 10-inch f/10 telescope provides F 2540 mm. Ad¢tl a 2
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Barlow to that 10-inch /10 'scope, and you’ll have~F5080 mm, which will give
1 arc-sec angular pixels even with physical pixels of24

A rule-of-thumb is that star images should be round. If ydar snages appear
to be 'square?, then your images are undersampled, and i@lis @ngular size is
too large.

There is, of course, a downside to smaller pixels. The lighhe star is spread
across many pixels, so the signal-to-noise ratio (SNR) ch piel is lower. If the
star’s signal is too small (i.e. the SNR is not very high) rntliee noise can ?pull?
the centroid noticeably away from the noise-free locatibtine star’s centroid; and
since the noise is a random process you don?t know on any ighagge what it has
done. This is rarely a serious problem for double-star imggrhe normal practice
is to (1) take long enough exposures to get a high SNBO(1) which will result in
small positional error from the residual noise, and (2) kandful of images, and
average the calculated centroids, to ?average down? tliteopaknoise, reducing
the uncertainty in the position.

Most modern commercial CCDs have square pixels. If you whrkugh the
equations for finding the star’s centroids (Eq. 1 and Eq. 2] their separation and
position angle, you will see that they are based on the assomngf square pixels.
This was strictly a matter of convenience ?most of the dataaton software can
handle rectangular pixels transparently.

The equation for pixel angular size above implicitly assdraenonochrome im-
ager, which is normally the preferred choice for scientifiplacations. Single-shot
color imagers (including DSLRs) have a color mask in fronthaf sensor chip, that
segregates pixels into three patterns. One pattern istisentsi red light, another
pattern (staggered from the first) is sensitive to green,laid a third pattern (stag-
gered again) is sensitive to blue light. In order to have d-saahpled point spread
function in this situation, the star's PSF must touch attl@apixels of the same
color (in both directions). The centroid calculations dddoe done using only a
single color, extracted from the merged image. Most imagegssing programs
that can handle single-shot color CCD (and DSLR) images eparate the colors
into single-color image files, so that you can do the astramanalysis on a single
color.

15.6.2 Polar alignment

Errors in polar alignment of your mount lead to residual fielthtion as your tele-
scope is pointed to different regions of the sky. The riskgnitude and impact of
this effect depends on your setup, the location of the tgrget and on the pro-
cedure you use for measuring the pairs. If your telescoperi:m@nently mounted
and has been accurately drift-aligned, then the risk is gistyblow. If you use a
portable setup and rougher polar alignment, the risk of diedth rotation as you
point to different parts of the sky is higher. The equationfield rotation (rotation
of the parallactic angle) is given in Chapter xx. For the aafsequatorial-mounted
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telescopes, a small error in polar alignment causes rapibréigation when pointed
near the celestial pole, and pretty modest field rotatioesrdtyou stay more than
10 — 15 degrees away from the pole.

This field rotation is of no consequence if you are using trstr@metric fitting?
method, since the transformation from (x,y) to (RA, Dec) aidcount for the actual
field orientation of the image.

Field rotation can affect your measures of position anglgoif are using the
?image scale and image orientation? method. Figure 1% #dtes the impact of a 1-
degree error in polar alignment. In this graph, the imageraation is set to zero for
any point on the meridian (Hour Angle = 0). At any line of canstdeclination, the
image rotates as you point away from the meridian. As showajrhage rotation
is quite small if you are viewing far from the pole, but as deaion becomes large
(e.g. the Dec= 72and Dec= 855 curves), the image rotation also becomes large.

How much image rotation can a polar misalignment causeySgure 13, here
is an example. Suppose your polar alignment error is 1 degrekthat your target
pair is at declination 72 degrees, very close to the celgstie. Further, assume
that your ?calibration pair? is exactly at the meridian wiien image it, but then
you slew through 3 hours of RA in order to aim at your target.pEtie field will
rotate (as a result of the slew + polar misalignment) by 2gdreles, and so your
calculated position angle would be in errort1.4 degrees (depending on whether
your target pair was 3 hours to the east or the west of the majidGranted, this
is an extreme example, but the point is that gross polar@lén errors can corrupt
your determination of image orientatioA). Beware of this if you are measuring
pairs that are close to the celestial pole.

Your first preventive action in this regard is to carefullfigrealign your mount.
If you have any question about the accuracy of your polanatignt, you should
select calibration pairs that are reasonably close in tyetskhe fields that you
are measuring, to minimize field rotation between the ?t&rgad ?calibration?
fields. (This is another good reason to consider using '$atid? calibration pairs.
Constructing ‘synthetic calibration pairs’ from field stan the image of your target
pair avoids any concern regarding image rotation).

15.6.3 Exposure - Signal-to-Noise Ratio

The collection of photons onto a single pixel of your CCD iragig a random pro-
cess, governed by the statistics of photon arrival, theieffay with which the chip
converts photons into electrons (its quantum efficienayd,the random creation of
electrons by thermal and other effects in the sensor. Ifi@sef identical images
are made, and you carefully examine the same pixel in eacbenthe recorded
ADU won?t be the same number on each image ? it will vary becafihese (un-
avoidable) factors. Call the average ADU value S, the 'diggnBhe RMS variation
of the ADU value, N, is the ?noise?, and the signal-to-naitie is SNR= S/N. If all
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Image rotation 5
due to 1 degree polar alignment error

|~ image rotation, deg
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Fig. 15.13 Inadequate polar alignment causes noticeable field rotatibigh declinations.

other noise sources are eliminated, the SNR is set by thst&tsibf photon arrival,
in which case it will be:

SNR= /g.ADU

where g is the ‘gain’ of the imager (photoelectrons per ADO} course, addi-
tional noise sources will reduce the SNR.

The accuracy with which the position of a star can be detezthia fundamen-
tally limited by the SNR. One estimate of the achievablecasatric accuracy is

FWHM

st = 336x SNR
arcseconds

where: FWHM is the full-width-at-half-maximum if the starPSF (in arc-
seconds) and SNRpeak is the signal-to-noise ratio of tlyhtast pixel in the star’s
image.

If your observing site’s seeing conditions result in steitaages with FWHM
~ 3 arc-sec, and you are striving for measurement accuracy0sf &rc-sec, this
equation implies a minimum requirement for SNRpeak6. Since there are other
noise sources in the image, striving for double this is wasg] it is usually no
problem to achieve SNR 50 with modest exposure duration. (With~g2.3, this
implies a signal of S- 1000 ADU)
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15.6.4 Exposure: Dynamic Range

Pairs with large magnitude difference present a specidlesige to CCD users,
because of the limited dynamic range of the sensor.

Most modern commercial CCD imagers use 16-bit output (ADles from 0
to 65,535), although there are doubtless some 12-bit utilitsnsuse (which can
display ADU values from 0 to 4095). The 16 (or 12) bits creaktesd limit on the
dynamic range that the sensor can record. Suppose, for éxatne noise (from
photon, dark current, and read noise) is 50 ADU RMS. Suppoggdr that the
primary and secondary stars differ by 6 magnitudes (i.enisity ratio = 11/12 =
10?7M/2.5 = 251). If we select an exposure that puts the pea pf the primary
star at 50,000 ADU ? near the saturation level of a 16-bit ienagthen the peak
pixel of the secondary star will be only 50,000/251 200 ADWE kéve a very high
SNR1=50,000/50 = 1000:1 on the primary star, but only SNR2#20= 4:1 on the
secondary star. Position measurement of the secondargtdtds low SNR would
probably have an unacceptably | arge uncertainty. If thenitade difference were
7 magnitudes (intensity ratio = 11/12 = ¥¢?° = 631), then secondary star would be
umeasurable (maybe even undetectable, with peak ADU = 680 = 79 ADU,
and SNR 1.6 in the image). Thus, the limited dynamic rang@efrhager presents
a significant constraint in dealing with pairs with largetdehagnitude. Either the
primary star will be saturated (and hence its position notieately measurable), or
else the secondary star will be buried in noise (and hencacmirately measur-
able).

If your CCD has ‘anti-blooming gates’ (ABG), then its linedynamic range
may be reduced. The output of these sensors tends to becam@aear above
about ] 50% of the full-well depth (i.e. about 32,000 ADU inr@xample), which
aggravates the dynamic range problem.

Large delta-mag systems are a real challenge for CCD meaasuttlf you want
to venture into this territory, the most impressive apphoat 1?ve seen is that in-
vented by James A. Daley. He makes a small partially-trattisigiocculting mask’
by cutting a small strip from a mylar solar filter. This is pdaicat the focal plane of
the telescope, and a lens assembly is used to re-image ttial(pacculted) focal
plane onto the CCD chip. The target pair can then be placdteir©OV so that the
light of the primary star passes through the partial-oaeglinask (and is thereby
diminished), but the secondary is not occulted. This dravally reduces the dy-
namic range of the image, and makes accurate measuremsitilpo8n excellent
description of this innovative approach, and its applarato large delta-mag sys-
tems, is described in a series of articles in JDSO by Mr. Dalege, for example
JDSO v. 3 no. 4 (Fall 2007) p. 159.

A simpler approach - not as robust as Daley’s, but helpfubises of moderately
large delta-mag ? is to convert the individual 16-bit image32-bit images (several
software programs will do this, including MaximDL and MPOr@gus), and then
sum a couple of dozen images together. Summing n imagesweptbhe SNR by a
factor of\/(n) (i.e. summing 25 images will improve the SNR by a factor ofiB).
our example of thé\,, ~ 6 mag pair, this would increase the SNR of the fainter star
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to a useable SNR 20. Since the summation is done in 32-hinagiic, the com-
putation can handle over 2 billion ADU per pixel ? a virtuallglimited dynamic
range. If you use this approach to dealing with a high-deltay pair, you should
test your software and calculations on a few summed imageasify measured
pairs, to be sure that you understand how your software baridé summation of
32-bitimages.

15.6.5 Filters

Unfiltered images collect the maximum amount of starligletide maximize SNR
for a given exposure. So, many reported double-star measuweebased on unfil-
tered imagery.

You may choose to use a filter to minimize atmospheric dispersffects and
also to minimize the effect of chromatic aberration in yalescope (more likely
to be of concern if you are using a short-focus refractor)s Will probably require
longer exposure, but may well improve the overall accuragyour measurements.
Particularly if you are imaging far from the zenith (say zbrangle> 50 degrees),
it may be wise to use a red filter (either the ?R? from an RGB intgfjlter set,
or the ?R? or ?1? band filter from a photometric BVRI set) toimine differential
chromatic refraction.

Another reason to consider using filters is the case whergiingary star is
substantially brighter than the secondary. If the two dtange different colors, you
may be able to reduce the delta-magnitude between them loygud selection of a
filter. For example, if the primary is red and secondary igbtry a blue filter: it will
dim the primary, and have less effect on the secondary. Thismmake it possible
to get a better SNR on the secondary without saturating iheapy.

15.6.6 Autoguiding

This depends very much on the accuracy of your mount’s tnaglind the exposure
that you are using. Try a few experiments to determine thekiing accuracy of
your mount without guiding ? what fraction ?good? images do get at different
exposures? Then decide whether to autoguide based on thewrpthat you?re
using to capture your target images.

15.6.7 Science images

Do not ever rely on a single image. There are too many thirgiscim go wrong! If
an image has an accidental defect within the measuringlapdgguch as a cosmic-
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ray hit or a ?hot? or ?cold? pixel) then the calculated pwsitif one or both stars
may be erroneous. This risk can be minimized by using maeltiplages, and al-
lowing the pair to drift a bit between images (so that theyiait on the same hot
pixel, for example).

Take 6 to 12 images of each pair, so that the range of resultpravide a basis
for estimating the consistency of the measurement, anddw &br tossing out the
occasional obviously flawed image.

Because many WDS pairs are fairly bright, it is often quitasfble to make a
great many exposures in a short observing session on a ginget.tTake advantage
of this: some software programs contain utilities that etltomatically sort through
your images, selecting the ?best? ones so that you can théyrzanjust the dozen
best images.

15.6.8 File formats

Most CCDs give you several options for the format of the staneage data. The
astronomical standard is FITS ? an uncompressed file forrhasevheader can
accept certain useful information from the camera and tlesdepe (e.g. time and
exposure duration of image, RA-Dec and Alt-Az of telescopmting). This is the
preferred format, rather than proprietary or compresseddilmats. In particular,
compressed image formats such as JPEG may impair routigeipracessing steps
that may be useful in double-star observations. All of thencwnly-used CCD
image-processing programs can read and manipulate FIT&famages.

In the case of DSLR cameras, the choice of file format is ugulEG or
?Raw? (or both). The ?Raw? format is recommended, becaasatéins almost-
unprocessed image data which can be manipulated (e.g. suymmiltiple images)
if necessary. Many popular CCD image processing softwackguges can read and
manipulate Nikon and Canon ‘raw’ image files.

15.6.9 Flats and Darks

Yes, take them and use them! The effects of dust donuts aketderent on double
star measurement are usually much less serious than thep &8ED photometry,
but nevertheless it is good practice to reduce your imag#s lvias, dark, and flat
fields so that you are using the best possible image data inngeasurements.
You may be able to imagine worst-case scenarios in whictriatb reduce your
images can have bad impact on your double star measuresx&opke, suppose
that one of the stars is sitting exactly on the edge of a dastij so that the right
half of the PSF is unaffected, but the left half of the PSF isssantially dimmed
by the edge of the ‘donut’. The calculated intensity cewltrwill be pushed to the
right, compared to the ‘true’ position of the star. Or, suppthat a hot pixel is
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lying in the left wing of the PSF: the intensity centroid wile pulled toward the
left, compared to the ‘true’ position of the star. Grantdukse are pretty unlikely
scenarios. But we?re striving for very high accuracy (sagngh of a pixel), and
there is no convenient way to notice that your image is caedip this way, so it is
safer to do the routine CCD image reductions before analyyir images.

Always save both your raw and reduced images, just in casealiggover later
that there was something wrong with your darks or flats. Thiy mever happen
to you, but | have been known to inadvertently reduce a 1-teieMposure with a
2-minute dark frame; or use my dusty V-band flat on a pristiAeaRd image. It is
nice to be able to retrieve the raw image, and do a correctedttion!

15.7 Considerations Related to Image Analysis

15.7.1 Are E and ? constant across your entire FOV?

In Eg. 4 and Eg. 5, we determined the plate scale and imagetatien by mea-
suring a single ‘calibration pair’, at one location in theaige field of view. It is
reasonable to ask, ‘Are those values the same across the f&ltd? The answer is,
“You won’t know unless you check your system’.

For the systems that most double-star observers use, halaiiyely long focal-
ratio telescopes (F/6 to F/10 or longer) and relatively marimage fields of view
(less than a degree), most likely you won't see any signifiganation in E or ?
across the field. Nevertheless, it is conceivable that ygstesn may have some
optical aberration that affects E or ? ? field curvature ocpéhion distortion, for
example. Therefore, it is worthwhile to do a one-time chefckaur system. Take a
series of images of a few ?calibration pairs?, moving thestelpe slightly to posi-
tion the ?calibration pair? near each of the four cornerd,resar the center of your
field of view. Calculate E and ? separately for each imagefangach ?calibration
pair?. If there is no significant change in E or ? across the, F@h you can be
confident that your system’s image scale and orientatiomaeed ?constant?.

Suppose that your system does have a hon-constant E or ?tNgh&tThis isn’t
a fatal issue. Depending on your method of image analygsetiyre straightforward
ways to deal with it. If the values of E or ? are constant overdinter half of your
FQV, only changing noticeably near the corners, then justure to put you target
pairs within the 'sweet region? of the FOV, and avoid the eosrof the frame.

If you are using ‘astrometric fitting’ to determine the RA, ®@®pordinates of the
two stars in a pair, consider using higher-order plate @oist which can accom-
modate the effects of changing E and ? across the field. 2fdist? plate constants
implicitly assume unchanging E and ?, whereas quadratii¢ccar 4th-order plate
constants can model most optical aberrations.
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15.7.2 WDS ‘Calibration pairs’ and ‘Synthetic calibratiopairs’

Using a wide calibration pair minimizes the error in youratetination of E and ?.
The ?calibration pair? should also be reasonably closeesiski to your targets for
the night. This will minimize any errors that might be intramd by field rotation
(due, for example, to imperfect polar alignment of yoursetgpe mount).

Where do you find useful ‘calibration’ pairs? The WDS consarink to a set of
calibration pairs, whose orbits are well-attested, or Wiaie known to be relatively
fixed. These are commonly used. Most of these catalogueibfadain pairs? tend
to be quite close (a few arc-seconds or less).

If you think through the math involved in the ‘Calibrationipanethod, you'll
recognize that it is advantageous to have a calibratiortipatiis reasonably widely-
spaced. If the stars are separated by only a few pixels, therrar of a fraction of a
pixel in determining their centroids can be a sizable faatbf the total separation;
this means that the determination of plate scale (E) may bertain by a sizable
percentage. Similarly, if the pair is separated by only a fBxels then a small
error in the centroid of either star can result in a sizablerein the calculated
image orientation (?). In general, you are advised to s@ldtbration pairs? whose
separation is at least 10 times the FWHM of your image, andselcomponents are
reasonably equal in brightness (say withi@.5 magnitude). If your system has high
resolution (sayA8 < 0.5 arc-sec), and your site has excellent seeing (FWHM
1-2 arc-sec), then the WDS ‘calibration’ pairs will probgailork nicely for you.

If the WDS ‘calibration’ pairs are not appropriate for youtusation, then you
can make your own with your Planetarium program. Widelyeys®grams such as
THESKY and XY MAPPRO that use the Guide Star Catalog as their primary stel-
lar database are just fine in this regard. Pick any two staisate nicely placed
in your image, and separated by 10-20X FWHM. From your pkam&in program,
determine their RA, Dec coordinates. Then, use equationd Bad Eg. 2 to de-
termine their separation and position angle. Now you carthesepair of stars as a
‘calibration’ pair for your system. (Some planetarium piags - THESKY is one -
will calculate the separation and position angle for youirgayou from the calcu-
lations of Eq. 1 and Eqg. 2.) Even better, you can use sevdfatelit star-pairs, to
confirm that your calibration factors (E add do not change noticeably with differ-
ent calibration pairs. If you measure several ‘calibrdtfwairs (WDS or synthetic)
to determine E and, use the average determined values for reduction of yogetar
pairs.

15.7.3 Summing Images

In general, only the bare minimum of image processing shbeldlone to your
science images. In particular, only ‘linear’ operationsidd be done (i.e. no sharp-
ening or deconvolution!)



15.7 Considerations Related to Image Analysis 189

There are situations where it may be useful to align and adidipteuimages
before measuring, 6. Summing is a linear operation, so it is allowed as a way to
improve the SNR (however note the discussion of dynamiceaimpve). Reduce
your images (flats, darks, and bias) before summing them.

15.7.4 What if | can’t get an astrometric match to my image?

It happens occasionally that a relatively bright double sdocated in a sparse
field, so that when you take the necessarily short exposiwagérto avoid saturating
the double star, you don?t capture a sufficient number of figls to make a good
astrometric fit. Your software will report ‘unable to matadr some similar error
message. There are two tricks that can help in this situation

Most image-processing programs can align and stack (adiiipfeimages. This
will increase the signal from faint field stars, but it is noftself a cure-all, because
if the original 16-bitimage was close to saturating on thimpry star of your target
pair, then summing several images would only aggravatepiadilem. Some im-
age processing programs (e.g. MPO Canopus and MaximDL}wifll the images
in 32-hit arithmetic, and store the summed image as a 32kpitTthat essentially
eliminates the ?numerical saturation? problem.

You may be able to get an astrometric fit with a longer-exp@gmage ? long
enough to bring out the faint field stars to enable the progoamatch? the image
to its star catalog. Your target pair will, of course, be satted on that long-exposure
image, but you can use the transformation matrix (or imagéesand orientation)
from the long-exposure image to analyze your 'short expsorage.

This approach ? using the transformation determined onroage and applying
it to a different image ? may seem to be playing fast and loadethe astrometry,
even if the two images are taken sequentially and of the sagttedf view. The
reason that it is less risky than it seems is that the separatid position angle of
the target pair depend on their positions relative to ealsrohot on their absolute
pixel coordinates. Refer back to Eq. 4 and note that if a @aistumber were added
to both x1 and x2, the calculated separation wouldn?t chafyz same is true of
the calculated position angle ? the calculated ? and ? agasiive to small shifts
between the images. If the telescope moved a few pixels leetwee long- and
short-exposure images, the relative positions of the pyiraad secondary are un-
changed. If the telescope and camera are well-behaved #red?fong? and 'short?
exposures are taken sequentially with no jostling of theeramor mount, and there
is no risk of the camera rotating in the focuser between irsatpés method works
fine.
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15.8 Accuracy and Reliability

All scientific measurements should be accompanied by amatiof their accu-
racy. This estimate can sometimes be based on theoreticils(such as Eq. 8),
but these models contain a host of assumptions that may fieutifo justify. (For
example, Eg. 8 implicitly assumes that the noise is trulydam and uncorrelated
from pixel to pixel ? it takes no account of fixed-pattern easich as dust donuts).
The best that can be done in many cases is to estimate theaagafryour mea-
surements by examing the data and measurements themselves.

15.9 Assessing the accuracy and Reliability of your
measurements

Assessing the quality of your double-star measurementsiistdacky, because for
most pairs, there isn't a ‘textbook answer’ that you knowdgrect. You measure ?=
45.6 tonight. A decade ago, someone else measured ?= 46aQ2is\Wight? Maybe
both are ? the pair’s relative orientation may very well hakanged by a fraction
of a degree (or more) in the intervening years. Maybe onedsrate, but the other
is mistaken. Maybe both measurements are statisticallgdhee, say, for example,
if both measurements are uncertainto 1 degree.

Practices that enable you to assess the accuracy andligliabyour measure-
ments are:

* make multiple measurements of your target, by taking a hdrod images on
each of two or more nights

* examine the internal consistency of your measurements {ihe standard de-
viation and the full range)

* include a few well-attested pairs in your observing plan

The average of several measurements is more reliable tlyasiragle measure-
ment (this applies to almost all measuring activities, net gouble stars). By mak-
ing multiple measurements (from different images) and ayiag the results, you
improve the reliability and reduce the probable error inréq@orted value, because
you are ?averaging down? the effects of noise and other iandifgects. Making im-
ages of the pair on two or three different nights will helpvanet accidental errors,
such as imaging the wrong star, or being misled by a passtegoic.

Making (and analyzing) multiple images is also meritoribesause the spread
of calculated values gives you some insight into the acquofg/our result. For
example, if all of your position measurements fall withi2 @rc-sec of the average
value, you can report that your position is accurate to Cczsac. This helps other
researchers interpret your data, and compare it to othgi@eaneasurements. Or,
suppose that you take 6 images, and all of the positionfoieistare nearly the same
(0.2 arc-sec, say), except for one that differs by 1.5 acc-Heat is a sign that there is
something odd. Examine all of the images ? is the ?outlieuual or corrupted in
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some way (cosmic ray hit near the target star? dimmed by @ngedeud? affected
by an asteroid passing by?) Or is it perhaps the only ?good@enn the set, and
the only accurate measurement? Critical examination mipyyleel decide what to
do ? toss out the one discordant image, toss out the 5 codrirpéges, or conclude
that a fresh batch of images should be taken.

| always try to include one well-attested pair in each niglhist of targets. If my
subsequentreduction matches the published ?,? for thdipaiBut if my reduction
of this ?well attested? pair is significantly different frots published value, that
may indicate that something went awry. The situation need®tinvestigated and
resolved before | have confidence in the measurement of péierfrom that night.

Including these ?known? pairs in your reports is also a lisigaipline. It gives
the user of your data an opportunity to assess the qualityoof yneasurements
(of this particular pair), and apply that judgment to othairg in your report. If
you don?t include a few ?known? pairs in your report, theruer has no way of
assessing the relative quality of your data.

By the way, in this context it is worth noting that when you fisib your mea-
surements and they are entered into the WDS, they are penthaiteggged with
your name. For good or ill, future astronomers will not only d&ble to see your
measurements, but they will also see that you were the ofsseho made/reported
them. So, if you are not confident in the accuracy and reltgtof your measure-
ments, it is better to repeat the observation/analysiserahan to publish dubious
results. Your astronomical reputation may depend on it!

Both for the benefit of the astronomers who use your data, angidur own
peace of mind, it is a good idea to (at least once) measure aé&ilvration pairs’
(available on the WDS). | recommend picking a range of p&iosn quite wide to
as close as you can imagine splitting (sag pixels). By comparing your results to
the ephemeris for each pair, you will confirm that your measwents are accurate
and reliable (to within your uncertainty). Perhaps more antgntly, you will get
an idea of the limits of your system’s reliability. If your @gment can?t reliably
measure pairs closer than 3 arc-sec, for example, then yow tonconcentrate on
wider pairs.

15.9.1 Precession

Because of the way the celestial coordinate frame is defthedgrientation of the
celestial coordinate system is not permanently locked &gl it changes slowly
(but predictably) as the Earth’s rotational and orbitalgmaeters evolve. Hence,
celestial positions may be referred to the ‘equinox and p&l2000’ (J2000), or
‘equinox and pole of the epoch of observations’ (i.e. therdomte frame as it ex-
isted at the time the image was taken). At the level of acgutfaat we?re talking
about here (fractions of an arc-second), a star’s celesi@idinates change notice-
ably in just a few years.
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Of course, the distance between two stars isn’t affectedreggssion. But the
position angle is affected by precession, because thetidinetoward North ? the
reference line of position angle ? is continuously changiaghe position of the
north celestial pole wanders.

Because of the heritage to the days of filar micrometers,dhgention is that a
pair's position angle is reported relative to the pole andaggr of the date of the
observation. (If you set up your filar micrometer by monitgria star’s drift with
the clock drive off, then you were automatically referringlie instantaneous pole
at the time of your observation). But, if you do an astroneatnatch of your image
to a standard astrometric star catalog, your transformatith report the RA, Dec
based on the pole position of the epoch of the catalog (ndyrd2000 for modern
catalogs). So, if you make your measurements based on agtiofitting, you may
need to correct them for precession before reporting them.

| say ‘may’ for two reasons. First, the precession-corgecis greatest near the
celestial pole, and it shrinks rapidly once you are more #itzout 10 degrees from
the pole. For declinations less than about 80 degrees, yosataly ignore this tiny
correction, at least until around 2050 if you are using a mod2000 star catalog
for astrometric fitting of your images.

If you are involved in a project where precession correcisimportant, refer
to Chapter 22 for the relevant equations and instructiofiteriatively, if you use
MPO Canopus, its double-star utility has an option to cdrifee position angle for
precession before displaying it.

15.10 Reporting Your Measures

A double star measurement that languishes in your obsenatepook is of no
value to other astronomers! The Washington Double Statozaia the IAU’s of-
ficial repository of double-star measures (and other in&diom related to double
stars, such as delta-magnitude and color indices). Howgeeicannot submit mea-
sures directly to the WDS. Instead, measures are publishétkiscientific litera-
ture, and the managers of the WDS then enter published nessaisuio the official
catalog.

The principle US venue for reporting double-star measw#sa quarterly Jour-
nal of Double-Star Observations (www.jdso.org), publila the University of
South Alabama. Although this is a US publication, the editwelcome contribu-
tions (in English) from anywhere in the world. Distributianfree over the internet.

The Webb Society (http://www.webbdeepsky.com) Double Staction pub-
lishes double star measurements in its annual Circularkingighem available to
other observers and to the WDS.
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Chapter 16
Lucky Imaging

Rainer Anton

16.1 Introduction

Digital recording of double star images, for example with adern CCD camera,
offers a number of major advantages: Position data can ketljiranalysed in the
computer, and the image is permanent, and can be re-caliddttoe reference.
Another benefit of direct imaging is that brightness diffexes of the components
can be measured, which is especially interesting for paifs e@@ntrasting colours.

Usually, the resolution and accuracy is less limited by #tescope, rather than
by the seeing, as is the case for all imaging methods, eslyegiden using long
exposure times. However, there are ways to compensatdgaisateduce seeing ef-
fects, for example by adaptive optics, or by ‘lucky’ imagifidnis means to ‘freeze’
the moments of good seeing by using short exposure timeseeact only the best
frames out of a large number. Details of this technique adiepjo imaging of
double stars will be described in the following.

16.2 Seeing and resolution

Even under good seeing conditions, the size of the seeiedgdiarely smaller than
1 arcsec, which is larger than the Airy diffraction disc ofaest amateur telescopes.
The theoretical resolution is usually referred to as Rgyler Dawes limits. This is
discussed in detail in chapter 11 by R. Argyle ?. As an exapfiptean aperture of
20 cm (' 8 inches), the full-width at half-maximum (FWHM) oftlcentral peak is
0.57 arc seconds, at a wavelength of 550 nm. For resolvirsgdouble stars, the
limits would be 0.69 or 0.58 arc seconds, respectively. hiesits are somewhat
arbitrary, and can in principle be exceeded, both by vishakovers and by imaging
techniques.

While these values are of interest for estimating the spijtpower of a tele-
scope, angular resolution is not the only criterion for tkeuasacy of double star
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measurements. In fact, most important is the accuracy efhting the positions
of the centroids of the seeing discs of the components. edvihat both are sym-
metric or at least similar, this is a matter of resolution leé image itself, i.e. the
size of the pixels of the CCD camera in relation to the focadjte of the telescope.
While relatively long exposure times help in averaging imagstortions by seeing
effects, the theoretical resolving power can thus hardlselaehed.

16.3 Lucky imaging

Generally, the seeing varies with time, both at low and higlydiencies. There are
almost always some moments of better seeing, even undeitiomsdar from opti-
mum in an average. Thus, the idea of lucky imaging is to frélee&good? images
with short exposure times, often down to the range of milisels or even below,
as a compromise determined by the star brightness and desipgncy. This is es-
sentially the same technique as is widely used by amatedrprafiessionals on all
kinds of celestial objects, including planets and otheeedéed objects. The ques-
tion is how to identify and select the ‘good’ images. Thisas always easy, and will
be discussed below. Even the best images are virtually pevéect. Therefore, one
has to register and stack a number of these to average odtiaédinage distor-
tions. As a result, the effective size of the seeing disc bélkignificantly reduced,
with particular benefit for splitting and measuring closéqaAlso, the accuracy
of measuring wider pairs will be increased because of sharpaks. In addition,
image noise, which is an issue because of the typically sxpasure times, will be
reduced, which helps forimaging dim companions of pairfetge differences of
their brightness.

In some respect, lucky imaging is an alternative (or evepkupental) method
to adaptive optics, which, however, is usually not accésd$dy amateurs. By care-
ful selection and superposition of the ‘lucky’ frames, tiesalution can be pushed
to near the theoretical limit even under non-optimum seearglitions. It is demon-
strated in the following, with representative exampleat thrtually diffraction lim-
ited images can almost routinely be obtained with modesteumaelescopes with
error margins of position measurements well below 0.05 acosds. Besides the
seeing, this depends more on the resolution in the imageothifie telescope.

16.4 Choice of cameras

As stated above, lucky imaging requires a sufficiently faghera. In principle,
video cameras are well suited for this. In fact, | startedesdfmyears ago recording
double stars with a low cost CCD video module on tape. Thissrawas designed
for surveillance at infrared wavelengths, and was veryiseasWith my 10-inch
Newtonian, | could detect stars up to 10th magnitude. Diaathges were the fixed
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image frequency of 25 Hz, and the relatively poor image ¢wak compared with
today?s standards. Later, | used the STV CCD camera from $84Gta Barbara
Instrument Group), which offers, besides many other istarg features, variable
exposure times between 1 millisecond and 10 minutes. Is@\&@ry sensitive, with
pixel size of 7.4 m square. However, fast recording is onlgsitae via the analogue
video output.

Meanwhile, fully digital and affordable CCD cameras appédaon the market,
such as the popular webcams, which, with ever increasimggtaapacities of com-
puters, allow for almost loss-free transfer of huge amouohtsnage data at high
speed. A very reasonable compromise between sensitigig|ution, and price is
the DMK series from The Imaging Source (TIS). | am using theckland white
versions DMK21AF04, and more recently, the DMK31AF03, whiore connected
via a firewire interface to my notebook. Exposure times casdidy the accompa-
nying software between 0.1 milliseconds and 10 minutesluely imaging, times
in the range of up to a few milliseconds are typical. Seriesnafges are stored as
AVI files or uncompressed bitmaps at frequencies up to 307/Hee field of view
can be reduced by setting a region of interest, which savesd hard disc space
and increases the image transfer rate.

The main difference of the two DMK cameras is the number ard ef the
pixels, i.e. 640x480 pixels of 5.6 m square for type 21, arzik@68 pixels of 4.65
m square for type 31. While the sensitivity of the latter isnswvhat less than of
type 21, the smaller pixel size helps in sampling close paitis small telescopes.
As a general rule, the image feature to be resolved shoulgisenat least 2 pixels
in order to avoid under sampling (This is a practical intetption of the Nyquist
theorem). For an 8-inch telescope, as an example, the incaggeshould be smaller
than 0.29 arcsec/pix, which would require a minimum focalgtl of about 3.9
m, when using a camera with pixel size 5.6 m. The effectivalftength may be
adjusted accordingly by inserting a Barlow lens. On the iofttaed, over sampling
should be avoided, too, as this would reduce the sensjtvéiyause the star light is
distributed over more pixels.

In Table 1, values of the image scale are listed for combanatof my DMK
cameras with four different telescopes, which | have usethsomy Newtonian
at home, a Schmidt-Cassegrain (C11), and two Cassegrdhe?$atter three in
Namibia, mostly with a nominal 2x Barlow. These values areaadculated from
the focal lengths (FL), as this would not be sufficiently aetel. Rather, more ex-
act calibrations were obtained in an iterative way by maagwystems with well
known and predictable separations. This procedure willdsedbed in more detalil
below.

16.5 The role of filters

Band filters are useful for mainly three reasons: (i) reductf the atmospheric
spectrum, (ii) reduction of chromatic aberrations of lenseg. Barlow, and (iii)
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Table 16.1 Calibration factors (resolution) in arc seconds/pixeldombinations of DMK cameras
with different telescopes, as determined from referenedldostars. The corresponding resolution
limits according to Rayleigh’s criterion are given in arceeds for a wavelength of 550 nm.

Telescope FL (m) Rayleigh limit Camera
DMK21 DMK31  with
2x Barlow
10-inch Newt. 1.5 0.55 0.388 0.323
11-inch SCT 2.8 0.49 0.220 n/a
50-cm Cass. 4.5 0.28 0.132 n/a
40-cm Cass. 6.3 0.35 0.097 0.0805

for the production of colour composites. Of course, a drakhaf filters is the
concomitant strong reduction of the overall sensitivitythWhy filters, this amounts
to almost 2 mags.

(i) At high magnifications, streaking of star images intoytspectra by atmo-
spheric refraction and seeing effects becomes notice@big can be reduced by a
band pass filter, preferably red or even infrared, becaleseffect decreases with
increasing wavelength. As an alternative, a Risley prismaldoffer a higher trans-
mission. While refraction can be efficiently compensatéaaking by seeing ef-
fects only to a lesser extent. Another benefit of using a fikethe reduction of
anisoplanatic distortions. The latter will be discusseldwe

(i) Lenses are usually not sufficiently corrected in theanéd, where the sen-
sitivity of the CCD chip of the camera is still high. Again, ara filter reduces
chromatic aberrations, and results in sharper focus. Ttverd always insert a fil-
ter, when using a Barlow.

(iii) When using a b/w camera, colour images can be composed fmages
taken with different filters, e.g. R, G, B or IR. Because thes##/ity of the CCD
chip varies with wavelength, exposure times have accolylitggbe adjusted, in
order to obtain a reasonably realistic colour contrast. ¥angple will be illustrated
at the end of this chapter.

16.6 Setting the exposure time

For lucky imaging, the exposure time should be as short asiles or at least
adapted to the seeing. One has to choose a compromise begigeahto-noise
ratio and frequency of the seeing. As an example, the seihsitif the DMK21
camera is characterised in figure 19.1. For a number of daiais, the exposure
time needed to obtain a reasonable signal-to-noise ratfeafimmer componentis
plotted versus its brightness. All data refer to the configjon with 2x Barlow lens
and red filter attached to a 10-inch-Newtonian telescop&exdteve f/12. The scat-
ter, besides some ambiguity regarding the term ?reasdhédbleaused by several
effects: colour of the star, sky transparency, and seeiegeitheless, the approxi-
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mated straight line indicates a linear increase of the mininexposure time with
decreasing intensity, as expected, because the magniwigs with the logarithm
of the intensity. Without Barlow and filter, the sensitivig/greater by one to two
mags.

When dealing with large differences of the brightness of tbmponents, the
brighter one will be overexposed. This may affect the acguod position measure-
ments. Examples will be illustrated below.

115 25cm Newton /12 eff.
(Barlow, red filter)

brightness/mag

2 T T ARAAL T T 1
0,1 1 10 100

exposure/msec

Fig. 16.1 Minimum exposure time required for recording a star verssisriagnitude. Data are
obtained with a DMK21 camera at my 10-inch Newtonian. Nogalithmic scaling. The slope of
the approximated straight line corresponds to an increbteeeffective sensitivity by about 2.5
mags for a tenfold increase of exposure time.

16.7 Selection of images

Recording of a few thousand images is done within a coupleinfites. Processing
takes much more time, mainly because in most cases, selaftigood images is
not easily done with automatic programs. The reason is Hetlticky’ image is
almost never perfect, even under good seeing conditionseTdre, considerable
care has to be taken to judge the image quality. This is ittistl in figure 19.2 by
representative images of the double star theta Gruis (JABRODS 23069-4331),
recorded in 2008 with a DMK21 camera and a 50-cm-Cassegti#tirBarlow and
red filter (see table 1). The visual magnitudes of the compisnare 4.5 and 6.6,
and the separation is 1.5 arcsec. Seeing conditions werags/eExposure was set
to 8.3 msec as compromise between speed and signal-toaiseof the faint
companion, while the main star was occasionally slightlgrexposed. Out of a
total of 1880 original frames, 88 with reasonable qualityaveelected for further



200 16 Lucky Imaging

processing by visual inspection. Six of the best are shows, iéhich demonstrate
the residual fluctuations of the image quality. None is yepérfect, although no.
1839is very close. Criteria for selection were the roundioéthe image of the main
star, the shape of the diffraction ring, and the appearahtieeodim companion.
These criteria can hardly be simultaneously accountedyf@ubomatic programs.
In particular, an algorithm relying on the brightest pisglvould not sufficiently
characterise the overall image quality. Likewise, an athor based on the centre
of gravity would fail, because the diffracting ring is in nt@gises not complete and
rather asymmetric. Therefore, | prefer to select the beagjgs by visual inspection,
although this is rather time consuming. A good help is theliptdomain program
?VirtualDub?. Sorting of images is just done with mousekslic

The images in figure 19.2 are enlarged, so as to show the afjgjiel structure.
It is clear that the peak centroids can in principle be deiteeth with sub-pixel
accuracy, as will be demonstrated in figure 19.3 below.

Fig. 16.2 The double star theta Gruis, imaged with a 50-cm Cassegtdii& Six of the best
original frames are marked with their numbers. The cengalisns of 64 x 64 pixels are shown,
and enlarged to show the original resolution. Note the fltbbns of the diffraction rings around
the main component. In the superposition of 88 frames withvadent quality (top row, right), a
more or less continuous ring is formed. Also, the image ofdive companion is better confined.
The image at lower right is a 3-d view of the intensity profifette upper image. North is down,
east is right, as in all other images.

16.8 Image Processing

Once selected, registration and stacking of the images saally be done auto-
matically, with public-domain programs likeeRISTAX or GIOTTO, for example.
For the system theta Gruis shown in fig. 19.2, the result oéugsing the 88 best
frames is shown at top right. The star image appears ratihemsyric, the diffrac-
tion ring is almost fully developed, and the dim companiocdlésarly visible. How-
ever, at this stage, the definition of the peak centres is actyirate to one pixel,
while it is obvious that the peak centre does not necessauihcide with the centre
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of one pixel. A significant improvement is possible by re-péing. This is prefer-
ably done with the original frames, because this allowsstegfion with sub-pixel
accuracy with respect to the original pixel size, as is itlted in fig. 19.3. The
same single frames as shown in fig. 19.2 have been re-sampledlbplying the
number of pixels in x- and y-direction by a factor 4, with congtant interpola-
tion of the pixel values with a bi-cubic function. This resuh smoothening of the
intensity profiles, especially after stacking, such thatgbak centres can be deter-
mined with correspondingly increased accuracy. Also amqding makes selection
of good frames by visual inspection much easier. It shoulddied that in this case
the large difference in brightness of the components regulft occasional overex-
posure of the main star, as can be seen in some of the singlesra herefore, the
intensity profile in the superposition is somewhat trundasad the peak width ap-
pears greater than expected. Nevertheless, the peak isanek defined, especially
in the image resulting from the process with interpolation.

P>
--

Fig. 16.3 Same as in fig. 19.2, but the original frames had been re-sahwith a factor of four,
while the pixel values had been interpolated with a bi-cdhitction. The image at top right is
a superposition of 88 re-sampled frames. As a result, tleagity profiles are smoothed, and the
centres of the peaks can be determined with sub-pixel aogueferred to the original pixel size.

After calibration of the image scale and orientation (thilsle discussed below),
the measurement resulted in 112.5 degrees for the positigie,aand 1.50 arcsec
for the separation, which correspond to extrapolatedtlitee data within 1 degree,
and 0.02 arcsec, respectively.

16.9 Anisoplanatic effects

When selecting frames, one has to be aware of anisoplanstiocttbns, which are
caused by the limited size of the ?seeing cells? in the athesspThe typical iso-
planatic field size is of the order of 5 arc seconds in the lasiédnd increases for
longer wavelengths. It can be much greater under very gogidgeonditions. The
dependence on wavelength is one reason why the yield of luchges is usually
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greater when using a red or even infrared filter. Anisoplaredtects are not always
obvious at the first glance. In fact, it occurs that good lagkimages are distorted,
such that the relative positions of the stars are shifted iBtbest seen when play-
ing back the series of selected images. Wide pairs are mkely lio be affected
than close ones. For a system with separation of about 38@rchave observed
displacements of up t:0.5 arc seconds even under seeing conditions, which were
generally not so bad. Such frames are discarded, when dotiteontrast, | once
experienced moments of nearly no distortions during réngrthe wide (double)
pair epsl-eps2 Lyrae, with separation of about 208 arcsgard-19.4 illustrates
the result of anisoplanatic distortions for the system DUBQ i Sagittarius (WDS
20178-4011), with components of 7.4 and 7.7 mag, separgtatidut 10 arcsec. It
was recorded with a 50-cm Cassegrain at f/9 with red filtee &kposure time was
20msec, and 107 selected frames were aligned with resptet tnain component
A, and superposed. As a result, thanks to lucky imaging, ¢éad pvidth of A of 0.29
arcsec (FWHM) is close to the theoretical value for a wavgleof 650 nm (red).
In contrast, that of component B is larger by more than a fact®. Moreover,
component B appears to be dimmer than expected from the todgsilisted in the
WDS. The reason is that there are still frames which are w@&fteloy anisoplanatic
distortions, despite careful selection. It should be ntttetino non-linear stretching
of the histograms has been applied.

DUN 230 Sgr 2008.730

117.7°/9.69"

Fig. 16.4 Left: The pair DUN 230 in Sagittarius, imaged at the datedatkd at top right. 50-
cm Cassegrain, 107 frames x 20 msec. The measured positite @md separation are given at
the bottom. Right: Plot of the normalised peak profiles of porents A and B. Frames were
aligned with respect to A. Note the difference of the peaktsdwhich is caused by anisoplanatic
distortions.

Measurements:
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16.10 Calibration of the image scale

Calibrating the image scale can be done with various metheligh are for ex-

ample discussed in chapter 14 in this book (Tom Teague?). d@ing this in an

iterative way by measuring a number of double stars, whietwagll documented
in the literature either as so-called ?relfix?, or with twethy predictable move-
ments. This may even include some fast moving binaries.cgsuor literature data
are mainly the Washington Double Star Catalogue (WDS), th&Catalogue of In-

terferometric Measurements of Binary Stars (in short: ¢ catalog’), and the
6th Catalogue of Orbits of Binary Stars. All are availabléma and are frequently
updated.

Starting with a calibration constant calculated from thieseope and camera
data, the image scale is fine-tuned such that the averagatidevand the standard
deviation assume minimum values. This is illustrated fdibcating my 10-inch
Newtonian with Barlow and DMK21 camerain fig. 19.5. A totall@®9 double stars
have been measured, of which 58 were used for calibrationalFsystems, the
residuals of the separations (delta rho) are plotted in idh.IStatistical analysis of
the data from the calibration systems (open circles) reduift a minimum standard
deviation of+0.03 arcsec, with range between maximum and minimunt@f1
arcsec, after adjusting the scale constant to 0.388 apisewith error limits of +
0.001 arcsec/pix, ot 0.5%. This value is listed in table 1 above. The absoluté tota
error limits are given by the sum of both contributions. Thappear as curves in
fig. 19.5. Clearly, at small separations, the statisticalrestetermines the accuracy,
while for large distances, the dominant contribution is ¢neor of the calibration
constant. It should be noted that this also applies to theetd&en from the literature,
although the error margins are usually not reported. Thidypaxplains the strong
increase of the scatter for wide systems. It should also bednthat the accuracy
of position measurements does not depend on the separtstdin éxcept for very
close systems with overlapping intensity profiles.

16.11 Determining the position angle

While the position angle is referred to the north directammg counted via east, south
and west, it is much easier to determine the east-west @iredthis is simply done
by recording a series of images with the telescope drive tearjy switched off.
Superposition of the images in the computer results in a raotess well defined
line (‘trail’), depending on the seeing, from east to wes$te Bingle with respect to
the pixel rows can be measured with an average error of abduil degree. It is
good practice to record such trail just before or after réicmy the double star in
guestion, in order to make sure that the geometry has nogelbintermediately,
for example by unintentional rotation of the camera. Thigigarticular impor-
tant, when the telescope mount is not exactly adjusted tqthar axis, and for
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DUN 230 Sgr 2008.730

117.7°/9.69"

Fig. 16.5 Plot of the residuals delta rho of the separation rho verisas$emi-logarithmic scale.
Open circles represent systems, which have been used ifarat&in of the image scale, full circles
denote all others. The curves mark the total error limits.

alt-azimuth mountings. Then, trail recordings have to beeraequently, in order
to interpolate with respect to field rotation.

The position angle of the double star is calculated from &ng@ometry. The
accuracy depends on the separation, because of the fixddti@sowhich is deter-
mined by the pixel size. Thus, variation of the position by sae pixel perpendic-
ular to the system axis has a much stronger effect on the &mg#hort distances
than for wider ones. This is shown in fig. 19.6. The residuakhe position angle
are plotted versus the separation, for those systems, \ilaiah been used for cal-
ibration of the image scale (see fig. 19.5). For wider systeéheserror margin is
typically below+ 1 degree, but it increases up to 3 to 4 degrees for systems with
separations close to the resolution limit of the 10-inchgebpe.

16.12 Accuracy of measurements

In the example described above, statistical analysis désysused for calibration
resulted in a standard deviation of the residuals of sejpparateasurements af
0.03 arcsec, for the DMK21 camera at a 10-inch Newtoniariat #A similar value
is expected for the separations themselves. This is itltestrin fig. 19.7 for the case
of the binary STF 3050 in Andromeda by comparing measuresnieain lucky
imaging with data from the speckle catalogue, which are géiyaleemed as fairly
accurate, depending on the size of the telescope. The cansoexhibit almost
equal brightness (6.5 and 6.7 mag), and the period is ab@uy&&rs. The system
was analysed four times in recent years with lucky imaginthwhe equipment
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Fig. 16.6 Plot of the residuals of the position angle versus rho. Op$gesns used for calibration
asin fig. 19.5 are included here. The increase of scatterttsvgmall separations is mainly caused
by the fixed image resolution.

named above. In fall 2010, the separation has increasedoust 233 arcsec, and
the position angle to 337 degrees. Both are further inangasiig. 19.7 a) shows a
representative image of 2009. In figs. 19.7 b) and c), own oreasents are plotted
together with speckle data, and with the currently assumbdmeris.

STF 3050 And 2009.789

a)  3354°003"

Fig. 16.7 The binary STF 3050 in Andromeda (135 frames x 12 msec), decoat the date given
at top right. Measurements of position angle and separati@indicated at the bottom.

The data from lucky imaging follow the trend of speckle ddttas remarkable
that the scatter is comparable, although most of the speukkesurements have



206 16 Lucky Imaging

335 B 2
&
A < & b2 ¢
L 3301
= &
5 &
g o ¢F
< 325 &8
o e
° o8
a0] &%

1990 1995 2000 2005 2010
date

Fig. 16.8 b) + c): Position angle P.A. (b), and separation rho (c) oftitmary STF 3050 versus
date. Open rhombs mark speckle data, encircled crossesvarmeasurements. Curves represent
the ephemeris from 2000 to 2012.

been done with larger telescopes. Interestingly, the séiparincreases faster than
expected from the ephemeris. The latter is based on orléalents calculated in
1977, with quite high error margins, because only less ttzdinofi the orbit is doc-
umented by measurements. The difference has now grown &tegitaan +0.157,
which is much larger than the error margin of both specklerfetometry and lucky
imaging. Obviously, the orbit awaits re-calculation soragsl There are many other
more or less similar cases, to which special attention shbalpaid by accurate
measurements.

Another example, which demonstrates the accuracy of measnts near the
resolution limit, is the close binary zeta Bootis (WDS 1441344), which is shown
in fig. 19.8 a). Although the intensity profiles of the compitsevith brightness 4.5
and 4.6 mag partly overlap, the peak centres are clearlyatepha Because of strong
overlapping of the intensity profiles of the components, ileak positions have
been corrected by decomposition techniques. Results ofuneaents from 2008
through 2010 are listed in table 2, together with residuaising the last years, the
separation has decreased to about 0.5 arcsec, which issthalh Rayleigh?s limit
of resolution of the 10-inch telescope, when using a red-fili¢hile the average
deviation of the separation from the ephemeris of +0.03ear¢s well within the
error limits, the position angle seems to systematicallgreater than expected. The
reason is not quite clear yet. Deviations from extrapolafeetkle data seem to be
somewhat less. In fig. 19.8 b), separations from specklerandlficky imaging are
plotted versus time. Again, the scatter is comparable,itlete small separation.
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Table 16.2 Measurements of the position angle (PA) and separatior) ¢hite pair zeta Bootis.
Residuals are referred to the corresponding ephemerialSeég. 19.8.

date PA residuals rho residuals
(degrees) (arcsec)
2008.317 298.2 +2.9 0.62 +0.05
2008.344 297.4 +2.1 0.56 -0.01
2009.252 298.5 +4.0 0.58 +0.03
2009.260 296.6 +2.1 0.62 +0.07
2009.301 296.3 +1.8 0.59 +0.04
2010.419 295.8 +2.2 0.53 +0.01
2010.42 297.9 +4.3 0.52 0
average 1 +2.8 average: +0.03

2010.422

297.1°/0.52"

Fig. 16.9 Left: The binary zeta Boo, imaged with a 10-inch Newtoniafi at the date indicated
at top right. DMK31 camera, 103 frames x 3.3 msec. The insewsla 3-d view of the intensity
profile. No non-linear stretching of the histogram has bggiied. Position angle and separation
as measured from this image are indicated at the bottomi:FR{gt of the separation versus date.
Open rhombs are speckle data, taken from the USNO catalogsses are from lucky imaging.
Solid curves represent two different calculations of thieezperis (USNO).

16.13 Reproducibility

Another aspect of accuracy is the reproducibility. Thishieaked by repeated mea-
surements of a system within short time, such that the posidioes not notice-
ably changes. As examples, the two binary systems zeta A¢g8aF 2909, WDS
22288-0001) and beta Phoenicis (SLR1 AB, WDS 01061-4648) periods of
487 and 195 years, respectively, have been observed abkeigihts within one
week in fall 2008 with a 50-cm- and a 40-cm-Cassegrain. Rsgmtative images
are shown in figs. 19.9 and 19.10, and the measurements tibpaangles and sep-
arations are listed in tables 3 and 4. It is remarkable thiabth cases, the scatter of
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the separation data falls within the range of the standavihtens, although some
measurements were obtained with different telescopes. Mbeans that a possible
error of the scale factors does not play a role. In fact, themalue of the separa-
tion of zeta Aqr of 2.09 arcsec agrees within 0.02 arcsec spdtkle measurements
done at about the same epoch. Likewise, the mean of the grositigles falls into
the range of speckle data. This system is also interestingrfother reason. The
B component itself is a binary with a companion with perio®26fyears. This is
not seen in the visible, but has indirectly been detectegbyglde techniques in the
infrared. It causes periodic deviations of the position dfd@n the calculated orbit.
The recent periastron passage of C with respect to B in 208hvaae clearly seen
in the position data than in earlier times, because of maeigion measurements.

Table 16.3 Measurements of position angles (PA), separations (rhtheobystem zeta Aquarii,
obtained with two telescopes and at different nights in 20@8l mean values, ranges, and stan-
dard deviations are given in the last three lines.

Telescope Date P.A) p”

40cm Cass. f/16 2008.732 171.3 2.085

/32 2008.735 170.9 2.076
2008.738 170.2 2.113

50cm Cass. /18 2008.727 170.5 2.089?
2008.728 170.1 2.1087?
2008.749 169.8 2.090
mean: 170.5 2.094
range: 1.5 0.037
std.dev.: +0.55 +0.014

For beta Phe (see table 4), six measurements in fall 200&edsn a mean
value of separation of 0.39 arcsec, which agrees within titeer Bmit of about 0.02
arcsec with speckle data from about the same epoch, which elEained with a
4-m telescope [2]. This again demonstrates that the alesetubr margin does not
depend on separation (when not too small). The error mafghmegposition angle,
however, is increased to about 3 degrees, which is causetkebymall separation.
This system had been neglected in the years from 2000 to 20@Bthe recent
position data from both speckle and lucky imaging signifisadeviate from the
hitherto assumed ephemeris. Based on these data, a nenastiten calculated,
which resulted in a reduction of the period from 195 to168&geahe pair has again
been recorded in 2009 with the same equipment, and the qositita agree well
with the new ephemeris.

As a conclusion, both the accuracy and reproducibility canléemed as com-
parable with speckle interferometry, even with telescapssquite as large as are
typically used for the latter method. However, there aratétions, which will be
discussed below.
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2008.749

169.8°/2.09"

Fig. 16.10 The binary zeta Aquarii, imaged in 2008 with a 50-cm Cassegf/18 (48 frames x
2 msec). Position data obtained from this image are indicatéhe bottom.

2008.728

119.8°/0.39"

Fig. 16.11 The binary beta Phoenicis, imaged in 2008 with a 50-cm Caasegt f/18 (60 frames
x 0.5 msec). Position data obtained from this image are ateitat the bottom.

16.14 Dealing with large dAm pairs

When compared with visual observation, imaging with a canias a significantly
smaller dynamic range. As was already mentioned above is¢bgon on image
processing, large differences of the brightness of the corapts may lead to over-
exposure of the main star, which may cause artefacts in thgemin particular, an
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Table 16.4 Measurements of position angles (PA) and separations ¢ftibg system beta Phoeni-
cis. Total mean values, ranges, and standard deviatiorggvar in the last three lines.

Telescope Date P.RX p"

40cm Cass. f/16 2008.740 117.4 0.398 ?

/32 2008.741 119.2 0.387

50cm Cass. /9 2008.724 119.4 0.385?
2008.728 119.8 0.3927?
2008.743 120.7 0.3817
2008.746 119.7 0.399
mean: 119.4 0.390
range: 3.3 0.018
std.dev.: +1.09 +0.007

asymmetric intensity profile may result from a not perfectijlimated telescope or
from coma, such that overexposure including the diffracting shifts the apparent
peak centre of the main star, but not that of the companioer&yosure can be
avoided by insertion of a special filter into part of the fiefd/@w, such that the in-
tensity of the bright star is damped, but not of the comparimaome cases, a filter
may help, when the components exhibit distinctly differesiburs. As an alterna-
tive, which is applicable in Newtonian or Cassegrain tedpss, the peak centre
can be marked by the diffraction cross produced by the mogmti the secondary
mirror (‘spider’). This has been used for measuring the fyir&rius (alpha CMa,
WDS 06451-1643), with brightness of the components of -tb&5. An image is
shown in fig. 19.11. While in 2008 the white dwarf companiorsWang clear off
the diffraction spike, it coincided with it in 2009, when iaw again recorded with
the same equipment, and the position angle has decreaséoby>adegrees.

16.15 Limitations

From the example of Sirius, one can estimate that a pair witm ¢ 10 mag can
no longer be split with this equipment, when the separatits gmaller than about
5 arcsec. Another difficulty arises for pairs with even lowl&m, when the dim
companion is lying on or close to the diffraction ring of thaimstar. This makes
selection of lucky images ambiguous, because of the fluongbf the intensity
in the diffraction ring, as was demonstrated in figs. 19.2 28@®. Sometimes, it
is a good strategy to stack a large number of unselected §aifter aligning for
the main star, which may show the dim companion as more ordifsse speck.
This helps in searching for the ?better? frames for furthecgssing. A less critical
example is the binary 35 Comae AB (STF 1687 AB, WDS 12533+ MHich is
shown in fig 19.12. It was recorded in 2009 with a 10-inch Nendn at f/12 with
Barlow and red filter. The two components with brightnessahd 7.1 mag are cur-
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2008.740

95.1°/8.73"

Fig. 16.12 Sirius, imaged in 2008 with a 40-cm Cassegrain at f16 (66 éam12 msec, no fil-
ter). The diffraction spikes were used to determine the pesltre of the primary. The measured
position of the companion (arrow) is indicated at bottonitig

rently separated by about 1.1 arcsec. Thus, it almost a®saivith the diffraction

ring of the main star, with radius of about 1.0 arcsec for ightl Therefore, the

intensity profile of the companion appears to be somewh#trigsl, and smeared
out along the diffraction ring. The error margins of both fusition angle and sep-
aration are correspondingly increased.

16.16 Measuring intensities and dm

Digital imaging offers the possibility to measure the stdglhtness in the computer.
This can in principle even be done in absolute terms, if thenisity scale can be
calibrated. This is not trivial, despite the often citedetm response of CCD de-
vices, because this is rather limited for the type of fast&@® used here, as will be
shown below. Furthermore, at least one reference star isrezh] For double stars,
the main component can act as reference, so as to deterneigiffdtrence of the
magnitudes of the components. Intensities are measureddgyrating over all pix-
els comprising the peak, and subtraction of a corresporaficgground. This has
been done on images of the bright star Vega (alpha Lyrae, Q,mabtained with
the DMK21 and DMK31 cameras at a 25-cm Newtonian at f/12. In¥#13, the
signal-to-background ratio is plotted versus exposure tim
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2009.208

196.2°/1.11"

Fig. 16.13 The binary 35 Comae AB, imaged with a 10-inch Newton at f12062 (100 frames
x 12 msec). The contrast of the dim companion, with brighgresy 2 mag less than of the main
star, is rather low, due to the coincidence with the diffi@cting.
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Fig. 16.14 Plot of the ratio of the peak intensity | to the background #osus exposure time in
msec, measured for the star Vega (alpha Lyr) with a 25-cm bieat f12 with red filter, and with

two cameras as indicated. The inset shows the magnified i@ngfeort exposure times up to 1
msec.
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Each data point results from a stack of about 200 registeeadds, which were
not specifically selected. Exposure times were varied fromt® 500 msec. All
recordings were made within half an hour at the same nightfaitly steady seeing
and no clouds. For this bright star, the range of linearitgiseat about 0.8 msec,
corresponding to a signal-to-background ratio of aboutdt®n using the DMK21
camera. Longer exposure leads to saturation of first thealgrikels in the peak,
and further of neighbouring pixels. Thus, the area of oveosed pixels spreads
radially, which results in a truncated peak profile. In theér range, the dynamic
range in magnitude is estimated as follows: In the proceissades, the intensity of
the background was found to vary by about one percent. Wisem@sg a minimum
detectable intensity of a star image corresponding to aasignnoise ratio of one,
the range in magnitude would be 5 mag, according to the oelatimag = -2.5
log(12/12).

Measurements of brightness differences in double staesysshould be done
within the linear range of the camera response. In any chsegdcuracy strongly
depends on the seeing. With short exposure times, even se€lieig conditions bet-
ter than average, drastic variations of the intensitiek®@tomponents are common,
and these may not even be correlated. This is illustrated ii .14 for a recording
of the binary zeta Agr in 2009 done with a 40-cm Cassegraindamidia (see also
table 5 below). This system is well suited for such analyassthe components ex-
hibit almost equal brightness: 4.34 mag and 4.49 mag in theali Exposure time
was 8.3 msec. Only the best 53 frames were selected out ofes ££r1500, not
only regarding the peak shapes, but also the intensitigsatiicular, frames were
discarded, in which the intensities of the components ajgpki@ be too different,
or even reversed, or one component was overexposed.
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Fig. 16.15 Left: Variations of intensities IA and IB of components A aBdof the system zeta
Aqr, recorded in 2009, versus the frame number. Only the B&g$tames out of a longer series
were selected. Right: Corresponding, calculated diffeger? mag. The horizontal line marks the
statistical average value of -0.21 mag. Its standard dewig + 0.06 mag.
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Results of systematic intensity measurements of zeta Aae th 2008 with the
same 40-cm telescope and also with a 50-cm Cassegrain,salwaler seeing con-
ditions better than average, are listed in table 5. In aksathe same combination
of DMK21 camera with Barlow lens and red filter was used, andifeach record-
ing, only the best frames were selected for stacking. Thdtieg average value of
the difference of the magnitudes of -0.19 mag is slightlyatgethan the catalogue
value of -0.15 mag. The reason for this difference is notycli¢éar, but is probably
due to the red filter used here. In any case, the differencaseebe real, regard-
ing the standard deviation of less thai0.02 mag. It should be noticed that these
results had been obtained with relatively small numbersashés. Certainly, larger
numbers would be necessary under less favourable seeidgioos.

Table 16.5 Measurements of intensity ratios (second column from yight differences of mag-
nitudes (right column) of the pair zeta Aquarii during oneslvén 2008, as well as in 2009. In the
left column, the telescope used for the recordings is dendtethe second column from left, the
numbers of stacked frames and exposure times are listeclSethe representative image in fig.
19.9. Mean values and standard deviations are also given.

Telescope frames expos. Date Allg Amag
40-cm Cassegrain f/32 16 12 msec 2008.735 1.196 -0.194
38x 8.3 2008.738 1.192 -0.191
50-cm Cassegrain f/9 a4 2 2008.726 1.192 -0.191
32x1 2008.727 1.203 -0.201
48 x 2 2008.749 1.171 -0.171
40-cm Cassegrain f/32  538.3 2009.721 1.215 -0.210
mean: 1.195 -0.193
sd: +0.015 +0.013

16.17 Colour composites

Many double stars exhibit more or less pronounced coloutrash Famous exam-
ples are beta Cygni (Albireo), gamma Andromedae, epsilootiBogamma Del-
phini, iota Cancri, alpha Canum Venaticorum (Cor Carolpha Herculis (Rasal-
gheti), or gamma Crucis, only to name a few brighter systénterestingly, visual
sensation of colour is often different as expected from fhecsa. This may be
caused by various factors, including different brightneSthe components, sep-
aration, size of the telescope, or personal perceptionthidl has often led to re-
markable variations of colour designations in the literatd-or example, colours
of the pair alpha Herculis, with spectra M5 and G5, are seediifigrent observers
as red/greenish, or orange-red/bluish-turquoise, orgaftue-green. Sometimes,
colour perception is even reversed. For example, desenipf alpha Canum Ve-
naticorum range from white/bluish to yellow/reddish.
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Imaging with a colour camera can sometimes yield impresssalts, or even
help to clarify discrepancies or illusions, as describedvabbut there are limita-
tions, too. One major difficulty arises from the strong degmce of sensitivity on
wavelength. This means that the colour balance has to bera@d. This can be
done with test recordings of reference objects. The autbes b/w-cameras with
filters, in order to produce RGB-composites, because of greater resolution and
sensitivity, when compared with colour cameras of simildcg@range. Reasonable
colours are obtained with about equal exposure times ingti@nd green, which is
about doubled in the blue, as a rough estimate, dependinigeoparticular filters.
The second difficulty is the limited dynamic range, combimgith the variation of
sensitivity with wavelength. In particular, in systemsiwat bright main star of late
spectral class, say G to K, and a dim blue companion, whichrégheer frequent
combination, the former may be overexposed in order to nlataiecent contrast for
the companion. This will shift the colour of the main star toite in the composite.
It is easier to image a bright, blue star with a dim red compatian vice-versa.
Problems are reduced when dealing with pairs with smaihdg in the visual, i.e.
about green. Such an example is the system STF644AB in Audiijaough the
visual brightness of the components is about equal, with ffg and 6.78 mag,
the pair exhibits a striking blue-yellow colour contrastedo spectra B2 and K3,
respectively. This is shown in fig. 19.15. The pair had beeagied with filters in
the near infrared, red, green and blue, and thendg values had been determined
as described in the foregoing section.

T 644 Aur 2008.112 64 x 12 msec nir | 48 x 8.3 msec red

72 x 12 msec blue

222.6°/1.59" Am = +0.11 Am = +0.88

Fig. 16.16 STF 644 Aurigae, left: RGB composite, right: filtered imagesndicated. Note smaller
scale. Numbers and exposure times of the respective fraraesiso given. The blue star is des-
ignated as main component of the system, although it apgéigrgly dimmer in the visual than
the yellow one. In the WDS, the difference in magnitudamdis given as +0.18, which roughly
corresponds to the value measured here in green light.
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16.18 Concluding remarks

It has been demonstrated with selected examples that lotkging allows the user
of medium sized telescope to obtain rather accurate maasuis of double stars.
The key is careful selection and stacking of only the besh&sout of longer se-
ries, by which seeing effects can strongly be reduced. Tifisaves the precision of
position measurements to values better than at least oee afdhagnitude, when
compared with the theoretical resolution limit. It has bebtown that even with
modest amateur telescopes, the scatter of separation repssts compares well
with that of interferometric measurements, which are nyadtine with larger tele-
scopes. In principle, the accuracy of measurements frokylincaging and speckle
interferometry should be the same, when performed with #meestelescope and
camera, because both are based on images. Only the methodlg$ia differs,
namely averaging over a number of images, or averaging omen@er of speck-
les, respectively. Clearly, most important for the redoluand accuracy is the size
of the telescope. While lucky imaging appears to be the miettichoice for use
with modest telescopes, speckle imaging develops its &péacity only with larger
instrumentation.
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Chapter 17
The DSLR Camera

Ernho Berko

Introduction

Cameras have developed significantly in the past decadeaiticplar, digital
Single-Lens Reflex Cameras (DSLR) have appeared. As a comsegwe can buy
cameras of higher and higher pixel number, and mass praxiuatis resulted in the
greatreduction of prices. CMOS sensors used for imaginmpareasingly sensitive,
and the electronics in the cameras allows images to be takkemwich less noise.
The software background is developing in a similar way -lligtent programs are
created for after-processing and other supplementarysvdlwadays we can find
a digital camera in almost every household, most of thesezsrare DSLR ones.
These can be used very well for astronomical imaging, wtictidely demonstrated
by the amount and quality of the spectacular astrophotosapyy in different pub-
lications. These examples also show how much post-proagssftware contributes
to the rise in the standard of the pictures. To sum up, the D&irRera serves as a
cheap alternative for the CCD camera, with somewhat wealodinical character-
istics. In the following, | will introduce how we can meastuhe main parameters
(position angle and separation) of double stars, basedeom#éthods, software and
equipment | use. Others can easily apply these for their aienmstances.

Camera, telescope, technical equipment

What camera can be used for the purpose? Any kind of DSLR Gami¢h inter-
changeable lenses. It is practical to have a sensor largeBthIpixels, and noise
reduction function and computer interface come as an adganB (bulb) setting is
also required when we take a long exposure time photo. | usmarCEOS 350D(1),
which is no longer on sale. This has an 8 Mpixel CMOS sensahBame covers
3456x 2304 pixels, whilst each pixel is 6:8.5 microns in size. | set the camera to
1ISO1600. Today’s medium quality cameras comply well with tequirements.

217
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Fig. 17.1 The author in his observatory

What telescope and mount are suitable for the task? Substambrk can be
done with any telescope having good optical quality andtapeof at least 20cm (8-
inch) or larger. The mount should have a clock drive for thgker exposure times.
It should possibly be of stable, vibration-proof built, besth a hand controller, so
that it can be set on both axes to any coordinates with thediellgwing motors. It
is also useful to have a computer interface, so that it caroh&aled from a PC.
| use a 35.5cm (14-inch) diameter Newtonion reflector, wiiiak focal length of
2100 mm. This is on a Gemini G-40 mount(2), which has a Komi2D00 hand
controller unit and RS-232 computer interface.

In order to make the camera-telescope unit efficient, thg@szale should be
as small as possible, prefreably undérSipixel. This scale does not seem very
small, but if we take several (10 - 20) individual photos ofoaulle to measure, the
resolution of the result and its standard deviation dee®as good way to improve
image scale is to increase the focal length. For this pur@oBarlow-lens may be
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used, or a focal extender sold for photographic purposemlya 2x extender, with
which the image scale value becomés3Q/pixel. The area of sky covered in the
images is thus 18« x24', so in many cases a number of separate doubles can be
recorded at the same time. The camera (without the lens)égheunserted into the
telescope focuser with the required adapter. We may also aeedapter for the
focal extender.

Calibration

The telescope-camera system must be calibrated. This reea®sl steps. First we
have to make the horizontal side of the camera and the skind#oh circles par-
allel. We set a bright star in the camera finder, then moverdsacthe image field
by pressing the declinations button on the hand contrdfi¢he star's movement
is not parallel with the image’s horizontal edge, we coritebl turning the cam-
era adapter, and fix it in the right position. We don’t needagexcuracy here, as
the remaining difference can be well measured later, anected when we get to
the calculations. Good focusing is also essential, becduseo the focal exten-
der, the change in the distance between the telescope aptiche camera?s focal
plane influences the image scale, which is another impoptmof the calibration.
Defining the image scale can be done by calculations in thtediusid, and its exact
value can be found by measuring the separation of known.gairsgood calibra-
tion, we should measure 10 - 20 doubles having very accuegtEration value with
the rough value of the image scale. Comparing the resultsthit known numbers,
we can get to the exact value of the image scale in severa.dtafer we will use
this value for the measurements. It is very important to beeeimera with a power
adapter. On the one hand, the accumulator does not allowduds lasting several
hours. On the other hand, when we change the accumulatarathera can move
from its calibrated position.

Taking photos

There is a simpler but tiring method, and a more complicatedvwhich needs more
technical equipment but is quicker, more effective and avtable. I've used both
in the past two years. For the simple method, we set the tgdedo the required sky
area with a hand controller, and record the images on thergacaed. In this case
the images can be checked on the camera’s LCD display. Welsasee it here, if
the setting of the telescope’s position is correct, and hdrethe chosen pair or pairs
and stars are in the picture. Accurate focusing can also be tihis way. In case of a
larger Newton-telescope, using a ladder is inevitableufed ). For this method, we
need a remote switch. We set the required exposure time arhgous mode on
the camera, and then by pressing the remote switch andgsettin‘lock’ position,
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we can start photographing. Having taken the needed nunfile&posures, we turn
off the remote switch, and set the telescope to the nextttarge

Fig. 17.2 The comfortable workshop in the telescope building

For the other method, both telescope and camera contrafindbe carried out
via a computer interface from a PC. Using a camera softwaesintages immedi-
ately load onto a PC (Figure 2). With this method, a comfdetalorkspace can be
created. If we apply the GDE software(3) (computer star chart), we can set tele-
scope mount positions through the program. We can also nek@/DS Double
Star Catalog(4), and databases selected from it appedfeénedit colours and with
different symbols. This way we may easily follow our own ofys¢ion program,
too. We can also make the sky area captured by the camerarafipeafour or
even five pairs can be photographed at once in an area moreeddoy doubles.
With the help of the telescope control panel, we can carrnppatations needed for
positioning the telescope. (Figure 3).

With this method, even exposure can be contolled by a softwause a free-
ware called @ UNTDOWN(5). With a simple adapter, the program also takes photos
through an RS-232 port. We may also create a list of taskgjidgfhow many im-
ages and of how long exposures should be made. The work groae®e followed
visually or through speakers. A software belonging to thmexa downloads the
images (USB port). This is immediately seen and can be cldemikeéhe computer
screen. As | operate the camera and the telescope from tvepéndient PCs, the
image can immediately be compared with the Guide sky charthBr computers
with WIFI and internet connection also help to compare oifm@ges on the internet
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Fig. 17.3 Guide software with double stars and telescope control pad

(eg. Digital Sky Survey plates(6)). At times we must taketpemecessary to define
the camera position and the deviation from the declinaticsies. This is done by
taking a series of pictures of long exposure time when thekctrive is switched
off (10 - 15 images). The brighter stars draw horizontal aarhehorizontal trails.
Later, by measuring and these trails, we get the deviatidheoposition angle.

Preparing the images

We must prepare the images for measuring the pairs on themapplied expo-
sure times (10 - 60sec) make it possible to photograph stave tb magnitude 14
or 15 in my living place, with medium level observation cinestances. Stacking
is needed for measuring faint stars, and the images thus/eecehow even the
faintest ones. When dealing with too close pairs, we may isegdral image av-
erages. This also helps our measurements. We need an in@gsging software,
too, if the image file captured by the camera is not in the farthat | need for
the measurements. For most purposes, there is free sofiwaiteble, and ROTO-
SHOPELEMENTS 2.0(7) received with the camera is also very useful. Fonatig,
stacking and creating the image averages, | use ImagesHILUgS). In my case
the camera output file type is JPG, and the measurements ae anaBMP type
photos.
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Measuring the photos

Measurements are done with one single prograED&(9), created by Florent
Losse does all the required operations. It is enough to olbiregphotos of a given

double, and mark the required components of the doubles fteretlae other, the

software calculates to position angle and the separatiluesaf the components,
and their standard deviation for each photo. First of al§ best to define the cam-
era’s position difference. We need to mark the beginningtaecend points in the
star trails, then by pressing the Drift Analysis functioritbn, we get the Position
angle difference (Figure 4).
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Fig. 17.4 Drift analysis in REbuc software

Putting this into the appropriate windows, together with #alues we received
for image scale during the calibration, we can start meaguhie pairs. While mea-
suring the image series belonging to the pair, the data ofothier quality images
will be marked by different colours. We can delete picturesf among these, if
we wish. (Figure 5). The program includes several furthecfions, now | wrote
only about the basics. It can also be used for automatic miegs¥hat is more,
by measuring a known pair, this program also gives the dagdetefor calibration.
Since the software defines the star centroid to 0.001 piKel&e measure several
images of a pair, it becomes possible to receive results aflenresolution than
our system’s image scale value. In my case this value is @dlitand the standard
deviation is roughly of the same scale.
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Fig. 17.5 Measuring a pair using Ebuc software

Conclusion

With the above detailed equipment and method, it is very éasyeasure magni-
tude 14 - 15 pairs of-5" separation. In some cases, when seeing is better than the
average, even doubles2” can be measured. Although this is not accurate enough
for measuring close binary pairs, it can be well used for tifj@gng, checking and
measuring USNO(10) neglected pairs.
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Chapter 18
How to measure the minima of eclipsing
binaries; an amateur’s experiences

Laurent Corp

Introduction

Eclipsing binaries are little studied by amateur astronsmi® order to observe
them the keen amateur needs to become a photometrist. Téygectsets out to
describe the various types of eclipsing binaries, how tdipte¢he times of minima
and the means of measurement - telescope, CCD camera phicofifters and
computers - and finally the way in which the reductions are endthe last part
explains light curves obtained in several different obsyryprojects and a criticism
of which is also given.

What is an eclipsing binary?

Variable stars in general can be placed into three categjdhie pulsating stars, the
cataclysmic systems, and the eclipsing binaries. In therlaase the variation in the
light is due to binarity, with mutual eclipses by each comgrrreducing the light
of the system as a whole.

Eclipsing binaries in turn can be divided into three priheipategories: the Al-
gols (type EA), beta Lyrae stars (type EB) and W Ursae Magigss (type EW). In
addition, there are sub-types which depend on the spediiicaf the Roche Lobe.
? define Roche Lobe.

18.0.1 Algol stars (EA)

The primary minimum is well marked but the secondary minimsmmuch less
obvious or almost undetectable. There are several thowstargdin this class.

225
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Fig. 18.1 Light curve of an Algol system

18.0.2 Beta Lyrae stars (EB)

The primary eclipse is also well marked but in this case tlwosgary eclipse is
almost as important as the primary. The light curve is xx dubé gravitational at-
traction on each star. This class contains only a few hunelxathples. The stars are
no longer spherical but deform into ellipsoids due to therise mutual gravitational
attraction. As the stars rotate the shape that they preséiné¢ tobserver varies, and
the light from the system is constantly changing.

VA

Courbe de lumiére
d'une bhinaire de type ﬁLyrae

* éolat

!ht temps

Fig. 18.2 Light curve of a beta Lyrae star

18.0.3 W UMa (EW)

Primary minimum is almost identical to secondary minimuee(figure 4)?? Here
also there is an exchange of material between the starsditaellyrae. The period
of the EW stars is often less than a day and can vary as a casegjof the mass
exchange.

The orbital period of an eclipsing binary can be calculatgdtodying the light
curve, and the relative size of each component (comparédtiv radius) can be
observed by measuring the speed at which the luminosityeafithre elongated star
fades when the other star passes in front of it. If, in addjtibe binary is also a
spectroscopic system then the orbital elements can be fanddhe mass can be
deduced relatively easily which means that the relativesitigiof each of the stars
should also be calculable.
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Fig. 18.3 Light curve of a W UMa system

There is a website ditt p: // cosm on. net/ sof t war e. ebs which al-
lows you to run a software simulation programme called EBatig Binary Simula-
tor. The parameters of the binary system, such as mass,dsityirand distance can
all be adjusted to reproduce various types of binary stars.

How is the minimum observed?

From the prediction of the time of minimum to the interprigtatof the data, each
stage is important and great care must be exercised. It isratipe to have data of
the best quality available.

e How to observe the minima
Predictions about times of minima are available from deditdnternet sites
whgich can supply tables of ephemerides for the help of tsed computers
for which the choice is small enough (see the box opposite).
It is important to note that the times furnished by the défarsites will be in
Universal Time or local time. Certain times are calculatedyéocentric time
or heliocentric time. Now consider the predictions as ancitibn of the time
of minimum. | strongly suggest using Universal Time from nibwou haven?t
already done so.
The following site http://www.motl.cz/dmotl/predpovedi managed by David
Motl and you can use the predictions on the site the same ifdgonot have an
available Internet connection (see Figure 4). It listsmasiparameters ? magni-
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Iht

tudes, positions etc and different catalogues with liststaf to study. It is often
very useful to make your own catalogues.

Field Photometry For v417 AQL From the AAVSO Variable Star Database

Dataincludes all comparison stars within 1.5° of RA: 1935:24.10 (203.85042) & Decl.: 5:50:18.00 (5.83833).

A RA. Dec. Label| U B v Re Ie 7 H K |Comments
000-BCE- 1930.1161 523:32 5 |46000.173) [52000.141) [ 070 0.100) [ 5138 Q0.141) 53 5369 5218
407 [294.798494] [539778d] o Es 2 ke X 0053 0o oo}
000-BCH- 19313838 501165 w 7468 (0.087) [ 7442 (0032) 7377 087) [ 7240 79 7236
005 [292.909914] [5.02125d] ‘ - 1 1 - 18 Qo 00438 00138
000-BCG- 19302735 438511 e 9.661 (0:044) [3.791 (0015 7834 0.109) [ 7100 6741 6616
940 [292.61305d] [4:64753d] N 1 n . L Q019 0.0 ©.009)8

Report this sequence as: 1346mhe in the cart field of your observation report.

o AUID is the AAVSO Unique Identifier for the star. When reporting a problem, please include this AUID

+ Coordinates are in 12000 sexagesimal format, followed by decimal degrees

o Click here for a search of variable stars in this field via VSX

o Labelis that star's label shen plotted on an AAVSO chart, this is usually (but not always) its V magnitude rounded to the teriths.

Source Reference Table

Footnote [Seurce Footnote [Source Footnote [Source
1 [Tycho2 11 [cveaT b1 [sDss
Gsc 12 1 Hipparcos ) Bsc
lGscaat 3 Draper, DraperExt kg B. Skiff's LONEOS
[usvo A2 1 553 Rt WBVR
5 [usNoBI [ [AAVSO Charts from <2006 | [23 DENIS
3 lecvs 16 2 ovcts
[USNO Astrograph [ b RR Lyr Comp Star Database
s Mass 18 bs E
g [AAVSO Charts from ~2006-2008 | [15 Other B
10 [Henden USNO 1m 20 Geep 50

Fig. 18.4 Light curve of a beta Lyrae star

Another downloadable site is that of Bob Nelson

(http: nenbers. shaw. ca/ bob. nel son/ sof t war el. ht mThe siteis
written by Bob Nelson another enthusiastic observer ofelstars. You should
note that the time s given by certain programs are deliblgrafgroximate in
order not to influence the observer.

Internet sites giving predictions of minima

htt p://ww/ as/ up/ kr akow. pl / epehemrun by J. M. Kreiner of Mount
Suhora Astronomical Observatory ? an outstation of CracedaBogical Uni-
versity. This site offers times of primary and secondaryimafor stars whose
name and constellation are known.
http://ww.rollinghillsobs.org/perl/cal cEBephem pl
Eclipsing binary eclipse generator. This site managed lay8Dvorak takes into
account a number of catalogues and allows input of the obsgs\atitude and
longitude, the date and time of observation, maximum andmim declinations
and magnitudes.

http://britastro.org/vss

This site from the Variable Star Section of the British Asimaical Association
also contains lists of stars to observer. The xxx is maiethiny Des Loughney
with whom | have collaborated on certain precise xxx and whgeoves with a
DSLR in Scotland.

How to choose a star to measure

Choosing a star depends first of all on the amount of time avi&ilto the ob-
server. So, if you have an observatory in your garden, sgtiintime will not be
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great as in the case where you have a portable telescope ivhreght take you
a couple of hours to reach your observing site and anothet goar to prepare
for observing.
Choice will also depend on local conditions of light polanij the experience of
observation (to begin with it is better to choose stars thateasy to find and
relatively bright, the performance of the available equemtn(CCD, telescope,
mounting) and time available. To get the most conclusivalte$ recommend
that you to start observing 90 minutes before the minimunmésligted to occur
and to continue for 90 minutes afterwards.
If you have never measured these types of star before | suthgesou choose
those objects where the difference between maximum andrmamiis more than
0.5 magnitude so that the light curve is easy to make. You lsanhelp yourself
by observing the star for a little while before comparing yoesults with those
of others. When eventually you have made your choice of tangzu will need
the reference card and photometric table which can be aatdiom the AAVSO
websiteht t p: / / www. aavso. or g/ observi ng/ charts/ vsp
The charts show the name of the star, the card number, thetiieldrientation
the magnitudes at maximum and minimum, the type of star @rgpictral type.
(see Fig 6).
The numbers indicate that these atrs are compariuson stdreach number
represents the magnitude. Note that the numbers are natsegpay commas or
points in order to avoid confusion. The photometric charg (6 indicates the
brightness of the compariuson stars in the UBVRIJH and K baf@uhe other
important thing which need to ve verified, either by usingA#&/SO chart or a
computer chart such as GUIDE 8m C2Am The Sky 6, for instarisdhat the
star being measured is not 'polluted’ by neighouring staéingvise you run the
risk of measuring the target star as well as the neighboustaiy

e Neglected targets?
If you don't wish to observe known targets then there is adisi41l whose
minima are not known with certainty and some of these staxsgaite bright
(magnitude 5). Choose these targets only if you have someriexgge of the
subject. You can download an Excel file from the following wes
http://varsao. com ar. ecli psi ngbi nari es_observi ng_pl an. ht m

How to choose the right equipment

| am not going to deal here with the details of setting up estspe such as mount-
ing, collimation, guiding and so on - you will need to mastkthds before you can
succesfuly take star images

To take successfiul images is to produce a method which Wélvafou to get a
photometric accuracy of about 0.01 magnitude, and onlyalighaging techniques
will allow you to attain that precision -0 either an APN or al@€amera. As far as
telescope optics are concerned a number of options arebpmssididtal camera on
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Fig. 18.5 Field of V417 Agl (copyright AAVSO)

a tripod with a 200-mm telephoto lens can be employed. Indhse the exposure
time should not be longer than 2 seconds at a setting of ISO@06 could equally
use a CCD camera (Audine type or equivalent) with an objeafv135-mm aper-
ture and a motorised mounting. You can find an interestingphp Alain Klotz
and Jean-Francois Le Borgne on the use of this type of setrtipecfollowing site:
www. ast . obsni p. fr.users/| eborgne/ gheos.circ/ NCL105. pdf
Even if this paper does deal mostly with RR Lyrae variablesrtethod nev-
ertheless shows what can be done with equipment which isle itilky and of
small aperture. It should be understood that all sorts estapes can be used -
from Newtonians to Schmidt-Cassegrains and refractorsjhaufield covered by
instrumenst of longer focal length becomes ever smallerthedomparison stars
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Field Photometry For v417 AQL From the AAVSO Variable Star Database

Dataincludes all comparison stars within 1.5° of RA: 1935:24.10 (203.85042) & Decl.: 5:50:18.00 (5.83833).

A RA. Dec. Label| U B v Re Ie 7 H K |Comments
000-BCE- 1930.1161 523:32 5 |46000.173) [52000.141) [ 070 0.100) [ 5138 Q0.141) 5304 5369 5218
407 [294.798494] [539778d] o Es 2 ke X - 0053 0o oo}
000-BCH- 19313838 501165 w 7468 (0.087) [ 7442 (0032) 7377 087) [ 7240 79 7236
005 [292.909914] [5.02125d] ‘ - 1 1 - 18 Qo 00438 00138
000-BCG- 19302735 438511 e 9.661 (0:044) [3.791 (0015 7834 0.109) [ 7100 6741 6616
940 [292.61305d] [4:64753d] N 1 n . L Q019 0.0 ©.009)8

Report this sequence as: 1346mhe in the cart field of your observation report.

o AUID is the AAVSO Unique Identifier for the star. When reporting a problem, please include this AUID
+ Coordinates are in 12000 sexagesimal format, followed by decimal degrees

o Click here for a search of variable stars in this field via VSX

o Labelis that star's label shen plotted on an AAVSO chart, this is usually (but not always) its V magnitude rounded to the teriths.

Source Reference Table

Footnote [Seurce Footnote [Source Footnote [Source
1 [Tycho2 11 [cveaT b1 [sDss
Gsc 12 1 Hipparcos ) Bsc
lGscaat 3 Draper, DraperExt kg B. Skiff's LONEOS
[usvo A2 1 553 Rt WBVR
[usNoBI [ [AAVSO Charts from <2006 | [23 DENIS
3 lecvs 16 Tass 2 ovcts
i [USNO Astrograph [ 45483 b RR Lyr Comp Star Database
s Mass 18 Sonoita Research Obs. | |28 E
g [AAVSO Charts from ~2006-2008 | [15 Other B
10 [Henden USNO 1m 20 Geep 50

Fig. 18.6 Photometric table copyright AAVSO

are sometimes more difficult to identify. The use of largesryres (such as the 60-
cm at Pic-du-Midi which | use once a year) should be resergethe measurement
of faint stars.

If you are using a CCd camerathen you need to ensure thatifhischonchrome,

it is kept cooled electronoically and preferably has ab-bltoming coat

Certain organsations require that observations be madg Wsabd R filters but

there are several types of these filters and the ones youdshselare those which
are defined by the Johnson-Cousins system (see Fig. 7).

My equipment and software

The image above shows the camera that | use, and the two njaitiob lenses,
the 35-mm and the 150-mm. A 15-cm sky baffle helps to keep owauated
light. The filters have Johnson-Cousins response curvesvarklin the green
and red. The camera is an SBIG-7 which is equipped with an fitéc wheel
with spaces for 5 filters and is controlled through a USB pgr program called
CcDsofFT. A number of exposures are taken with each filter in turn anthia s
may be observed for a whole night in order to get ta sufficiemiber of images
. The computer clock is kept on UT by a facility called Experodde Clock.
using this set-up and 90 second exposures, the magnitudégeabtained with
a scatter of 0.02in R and 0.01 in V.

My observation programme

The main targets which | follow are the following stars: HD622 (an eclipsing
binary in the Pleiades which is carried out in collaboratiwith David Valls-
Gabaud at the University of Paris, OO Aql (see Fig. xx), V411, XY Leo and
Y Leo.
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Fig. 18.7 Spectral transmission of different filters

Iht

Fig. 18.8 50-mm lens for wide-field work such as eps Aur
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tht
Fig. 18.9 135-mm lens giving a 3 degree field

Secondly, stars in the RR Lyr class; these are studied usimwsBGut | am look-
ing at RR Lyrae itself with the DMMIGO system.

Acquisition and xxx of the images

e acquisition
On the ground, it is necessary to ensure that the image eaptrks properly,
in other words the star images are not saturated. It is alsessary to obtain a
sufficient signal to noise in the signal (SNR) The SNR thatgbtain must be at
least 50 and your software should be capable of displayiisgviilue instantly.
The following table lists some typical SNR values and th@eisged error in the
observed magnitude

Table 18.1 Error in magnitude as a function of signal-to-noise rathoiS

SNR error

200 0.005
100 0.011
50 0.022
25 0.043
10 0.110

5 0.220
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The software should also be able to care of filter changesraitcally so that,
for instance, V and R can be done alternatively, without nahimtervention.
If not, then you need to change your software so this can be.ddlso, to be
useful the PC needs to have an accurate value of UT. The @tteontains several
sites where this can be obtained. There is also the facgilied Expert Mouse
Clock. Xxxxx, you can carry out a series of exposures anddmenend say 300
continuous exposures of 30 seconds followed by 150 expssirg0 seconds
each spaced 30 seconds between each.

Depending on the season and the target selected, you shewdl® to make
between one and three sets of observations on a single figatiinal quality
of the data will depend on quality and quantity. Some pratess astronomers
would like the whole light curve and not just the minimum awodysu should
have only one aim ? one star each night and on following ni§htscessary.

It goes without saying that to get precise data, it is necgdsaget good cali-
bration frames offset (or bias frames), darks and flatsiRi@hry treatment of
the raw data conforms to certain rules and ?cosmetic? tegutof the raw data
is not done, especially ‘touching-up? the images to make thegter ? the final
results will be misleading.

Calibrations have an effect on the reduced data and it isthis you are aware
of this. The page that you can download from the AAVSO sitetaiois com-
parison star magnitudes which you can use to reduce yowhlariYou ?before
extracting photometric data from your images.

Iht

Fig. 18.10 The effect of the calibrations on the images obtained

Here the method used is the same - that of differential phetom the flux
from the variable is compared to that from a nearby compari&ar. Here is
some advice: Use the comparison stars whose apparent mndgaitd colour is
nearest to that of the target star. Pick a B-V or V-R coloueidhich is most
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suited to the filters being used. Check, using a test startlieateference star
magnitudes are stable with time!

The light flux from the star in the chosen camera window carithelecircular or
elliptical. If your camera does not have square pixels, ddnansform rectangu-
lar pixels into square pixels. Comparing the variable tortbarest neighbouring
stars is similar to the technique used by visual observérschoice of diameters
for the circle is very important.

ofometry - ¥405Aur-C-019.fit

Iht"
Fig. 18.11 Light curve of a beta Lyrae star

In figure x (above) the circles correspond to three objedi§l 3 the target being
observed. Chkl is the comparison star which has a similaucahdex. Refl; is
the reference star. The circle diameters t use for each eétbbjects is defined
as follows. The smallest circle has a diameter 2 X FWHM, thd smallest is 3
x FWHM and the largest circle is 5 x FWHM

e Sending the data
The form on which you send the data will depend on the orgéaisé is being
sent to and | can monly suggest that you look at their websiteee what is
required.
??..comparison stars which you can use to reduce the dataurrvgriable. If
you want to use the best data then use the photometric table.

e Determination of the time of minimum
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Fig. 18.12 Light curve of a beta Lyrae star

This is not something that you need do yourself. If you seeditta to a respon-
sible organisation, they will arrange for an experienceétbasmer to determine
the time of minimum from your data. It is however alwats ieting to verify
results. You should check that the data you have sent is tdaefbefore spend-
ing more hours obtaining new data. Software which is eithes br paid for can
help you to interpret your measures and get the time of minimwsee the list
below for instance.

When the time of minimum is known the Observed - Calculatsititeal can be
determined and then we will know if the period varies withéim

18.1 Some light curves

Use reference stars whose magnitudes and colour index @se th that of the
variable Choose an almost identical B-V or V-R colour independing on the
filters used. Be certain to check that your reference starstable with time by
checking with a test star.

Software to reduce data:

MINIMA 2.5 - free from Bob Nelson and avilabale on http://membhkessca/bob.nelson/softwarel.htm
allows the user to determine the time of period using 6 method

ToOMCAT - free from Bob Nelson and available on http://members.stefvob.nelson/softwarel.htm
which alows the time of minimum to be determined from the gkited period

PERIOD SEARCHPERIOD SEARCH - free from Bob Nelson and available from:
http://members.shaw.ca/bob.nelson/softwarel.htnutzkes the period by examin-
ing a portion of the light curve.
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PHOEBE(PHysics Of Eclipsing BinariEs), free and available frortpti/phoebe.fiz.unilj.si/?qg=node/21
donne une modlisation 3D du systeme mesur.

PERANSO- by payment to Tonny Vanmunster and avilable on sur httpaimperanso.com/

BINARY MAKER by paymentto Contact Software at http://www.binarymaian

18.2 Some typical light curves

e OO Agl RA: 19h 48m 13.0s Dec: 9 18?7 30?? JDO: 54335.36020 €riod
0.5067885

Iht

Fig. 18.13 OO Aql - RA: 18 38 13 Dec: +09 18 30. JDO: 54335.36020. Pericb067885 days.
75 images from 2009 Oct 14 showing evidence for a time-kagdw the predicted minimum
(shown by the vertical line) and the observed minimum

Fig 10 shows the O-C curve of the star OO Agl and we can see \eayly that
the residual is increasing from year to year and this rtalithat material is being
transfreed from one star to another.

e RW CMi
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Fig. 18.14 RW Cmi - RA: 7h 20m.0 +02 32 00, JD0,= 50837.61. Period: 6.823%urs. Range:
13.2-14.0

In RW CMi a significant time lag ca be seen between the thexidiime of min-
imum (represeneted by the vertical line) and that obseede also that the
minimum lasts sveral minutes. These observations were maké¢he 60-cm at
Pic-du-Midi (http://astrosurf.com/60) during an obseimaal campaign in 2009
February.

e GUBoo
There is, however, no time lag between theory and observatithe system of
GU Boo as can be seen in Fig xx. Note especially the speed ahwahinimum
occurs. These measures were also taken at Pic-du-Midi i E@Bruary using
the 60-cm telescope.

Star Date Number of Predicted time Measured time Difference Notes
measures of minimum  of minimum
RW CMi 2009 Feb 26 122 22:19 22:33 14 Needs re-observing

GU Boo 2009 Feb 26 120 01:32 01:32
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GU Boo - B00212

[mag] 1.71 h
Iht

Fig. 18.15 GU Boo - RA: 15h 21m 55s +33 56 06, JD0,= 52723.981 Period:87.380 hours.
Range: 13.7-14.4

18.3 Conclusion

In these few lines, | have tried to sum up what you will needdardorder to help
the astronomical community in better understanding thggest of stars. This is
a testing activity which requires a lot of time and troublegarfecting a technique
before getting acceptable results. Good luck with your nlzgmns, and clear skies!
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Chapter 19
Occultations

Graham Appleby

19.1 Introduction

One of the difficulties of observing and accurately measgyitire relative positions
and magnitudes of components of double stars is their mirteaference. Either
one component is much brighter than the other, or the appseparation between
them is too small to be resolved by the optical system, paddity in the presence
of distortion by the Earth’s atmosphere. Ideally the congris could be obscured
one after the other to allow unambiguous observation of trepanion as well as
an estimate of the separation between them. This in essgfice principle behind
application of the occultation technique to the observatibdouble stars.

Now, the Moon in its orbit around the Earth-Moon barycentexgtiently ob-
scures (occults) stars. As a consequence both of the iticlmaf the Moon'’s orbit
with respect to the ecliptic and the precession along thptacbf the nodes of the
Moon’s orbit, all the stars in a belt of some 10 degrees ardahatiplain are oc-
culted at some time during a period of about nine years. Antlbese are the bright
stars Aldebaran, Regulus, Spica, and Antares and the stterd Pleiades, Hyades
and Praesepe. Since the Moon always moves eastward, ameocstar disappears
at the Moon'’s eastern limb and reappears at its western Iiiné.phenomena can
be best observed at the dark limb of the Moon, so in generapgsarances are
observed each month during the two weeks between New andlBolh, and reap-
pearances during the following two weeks. Since the ineentf the telescope, pro-
fessional and amateur observers using a variety of techaigund instrumentation
have recorded many thousands of timed observations of howdtations. Analy-
ses of these observations have addressed such problenzrasiimg the dynamical
theory of the motion of the Moon, investigating the variatalee of rotation of the
Earth, determining stellar reference frame anomaliessomézgy apparent stellar di-
ameters and parameters in multiple star systems. It is ghévi@ items that are of
particular relevance to the subject of this chapter, buh@nfbllowing sections the
power of the occultation technique will be examined witherehce to all of these
applications.

241
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19.2 Observation

The scientific observation of an occultation involves aately recording the instant
at which the star disappears behind or reappears from bémenidnar limb. In all
but occultations of the brightest stars, telescopic or &ier aid is essential for
making an accurate measurement; as the Moon approachdattieesglare from
the sunlit part of the disk totally overwhelms the light fréine star. By using optical
aid to restrict the field of view, in most cases the star caarblebe seen at the
moment of occultation.

The Moon orbits the Earth in approximately 28 days, whicldéet an aver-
age Easterly motion against the background of stars at @f&t& arc-seconds per
second of time. If the instant of occultation can be estigh&bea precision of 0.1s,
then the relative position of the lunar limb and the star isvikn at that instant to
a precision of 0.05 arc-seconds. The analysis of such oatseng proceeds by the
computation both of the position of the center of the Mootat instant by interpo-
lation in a lunar ephemeris and a precise knowledge of thiéipo®f the observer
on the Earth’s surface, and the position of the star takem fi0 appropriate star
catalogue. Also, the lunar limb is not smooth; it has rouglsraf apparent angular
extent~ 2 arc-seconds, caused by variations in the level of the Itereain along
the line of sight from star to observer. From this informatithe apparent distance
of the star from the lunar limb at the instant of recorded ttation may be calcu-
lated. Almost certainly, the computation will imply thattlstar should have been
occulted at a slightly different time than that recordedly dbserver. The reasons
for the discrepancy will include errors in all the assumpsionade to compute the
circumstances of the occultation, such as errors in thetipngf the star given in
the catalogue, errors in the lunar ephemeris and in thechaetd to derive level of
the lunar terrain. A further correction will be attributeld the method used to make
the observation. No matter how well prepared and experétiee observer, there
is inevitably a time delay between the instant that the olesgrerceives and then
records the event. If a stopwatch is used to record the eldres been estimated
(2) that this delay, or personal equation, is on averagetdh8seconds for a disap-
pearance and 0.5 seconds for reappearance, the largerfeathe latter being due
to the intrinsic ‘surprise’ element of this type of event.ckher recording technique
in common use is the so-called eye-and-ear method; the aydestens to an au-
dible one-second time signal whilst concentrating on mgkie observation, then
mentally estimates the time of the event as a fractionalgfaatsecond. Results of
analyses (1) suggest that this method is essentially foge frersonal equation ef-
fects, with observers achieving measurement precisioabaiit 0.1 seconds. A far
more accurate technique used principally at professionsgivatories is to record
the occultation events electronically. A photo-multiplie used to count individual
photons reaching the telescope from the star, and the catetistegrated over con-
tiguous, short time intervals, of duration say one millé@ed. The resulting light
curve can then be analysed to determine among other gearttite instant of oc-
cultation with precision close to one milli-second.
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Fig. 19.1 Schematic of an occultation of a double star.; the compaereet separated by separtion
p in angular positiond. The projected separatioh mat be estimated from the time difference
between the two occultation events

19.3 Double stars

These then are the techniques of lunar occultation obsenvathere the star being
occulted is a single star. If the star is in fact a double onakyi system, the intrinsic
spatial resolution of the technique can be exploited torddtee several useful pa-
rameters, depending upon the observing method. If the torhescultation of each
of the components are measured by one of the techniqguesdetabove, then the
separation of the componengs projected onto the apparent direction of motion
of the Moon, can be determined simply from xgn_where L is the difference in
time between the two events, and r is the rate of motion of tlo®riM Now also,
x=p.cos@-f), wherep, 6 are respectively the angular separation and position angle
of the double star components, and j is the position anglaebtcultation event
on the lunar limb.

Provided that the personal equation effects discussecearevthe same for each
of the two events, then the accuracy of determination of xniétéd only by the
resolution of the timing technique. If a series of obsenvadiof the same double
star is carried out either from different locations, or oagreriod of time, such that
a range of values of f is achieved, then it would be possiblatoy out a solution
for the values op andé.
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19.4 Visual Observations

This discussion implies that both components of the systenvigually resolved
during the occultation; if the components are too closettwgygo be resolved, then
the observed effect has been determined (2) to depend bathecspparent sep-
aration of the components and on their relative brightndssanalysis of a large
number of occultation observations that had been made owee 85 years showed
that for more than 420 of these observations the observertezpan anomalous
event. The observers recorded these occultation eventstas have occurred in-
stantaneously, to have ‘faded’ either smoothly or in a stepvashion. For 160 of
these events, it was found during the analysis that the 148 istvolved were in fact
close doubles, many of which had been discovered by othlenitgees at later dates.
For many of these known double and binary systems their agpas and position
angles were sufficiently well known to enable a calculatibtihe expected time in-
tervals between the occultations of the two componentswdmather the brighter or
fainter component was occulted first. Intuitively it may bgected that for compo-
nents of similar magnitude and for close doubles where tlosiveultations follow
in rapid succession, the event may appear gradual, takihighdlg longer time to
complete than the more normal instantaneous disappeasanegppearance. How-
ever, for wider pairs, or where the difference in magnituéi¢he components is
large, the event might be expected to appear more dramadticaxclear drop or
step in brightness after the occultation of the first compbnEhis expectation is
born out by the data, as shown in Figure 1, where for each df@Beevents the cal-
culated event duration is plotted against the computechbr@ss-change after the
occultation of the first component. The observers’ commfota the original ob-
servation records have been interpreted as either ‘grasiuatep’ event, and used
to code the observation symbol on the plot. Itis clearly $bahthe observations are
split into two classes according to whether there was a leingege in brightness
or long duration (step observed), or subtle change in bnggd or short duration
(gradual event). These results may then be used as a roudghtgunterpret further
visual observations of occultations, where a non-insteetas event is observed.

The analysis (2) discussed above concluded that a furtlesthads from Robert-
son’s Zodiacal catalogue (3) were likely close doubles andlevwarrant closer
study by say speckle interferometry, or high-speed photoengbservation of fu-
ture lunar occultations. At least one star from the targttdiven in (2) has been
confirmed as double as a result of this work.

19.5 Photoelectric Observations

Naturally, if the photoelectric method is used to observeutiations, detection of
much closer pairs should be possible. For high-speed pteitgiwith millisecond

(ms) resolution, separations of a few milliarc-secondssjnsaould be detectable.
However, such observations are not straightforward toyaeakince diffraction and
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Fig. 19.2 Observed events for known double stars as a functioon ofiledd duration and bright-
ness change; circle - ‘gradual’, cross = ‘step’

Table 19.1 Liust of stars that have been observed to fade on at least tloesions. For an On-line
catalogue of stars which can be occulted by the Moon see thsitgeof Paul Schytler(7)

HD ZC SAO Mv

16302 387 75476 6.9
22017 516 93487 7.3
23288 536 76126 5.4
27934 656 76601 4.4
65736 1203 97468 7.1
88802 1500 118181 8.1
89307 1506 99049 7.1
120235 1978 139559 6.6

stellar diameter effects dominate the high-resolutiohtligurves. During an occul-
tation event, a series of alternating bright and dark fringlee Fresnel zones, are
generated and sweep across the observer during an intés@he 40ms. The first
zone, across which the intensity of the light drops smodthiero from a value 1.4
times its pre-occultation level, is about 13m wide on thdame of the Earth and
subtends an angle of about 8mas at the distance of the Moans. 8ith apparent
angular diameter less than about 1mas will generate a diffrapattern close to
that expected from a point source. Those with diametersfgigntly greater than
this will create patterns that can be considered as the sansefies of point source
diffraction patterns displaced in time relative to eacheot(#). Thus for high-speed
measurement of an occultation event where the diffractettepn is sampled say
at a resolution of 1ms, the characteristics of the resuligig-curve will depend
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Fig. 19.3 Theoretical light curves for occultation of a point sourdaghed curve) and for a star of
angular diameter 6 mas (solid curve)

upon the diameter of the star. This effect is illustratediguFe 2 for a point source
and for stars of angular diameter 10 and 40mas. In fact, ¢fne-turves illustrated
here have been further modified from the purely theoretioakdo take account of
finite bandwidth of the detector system and non-zero tefeseperture (modelled
as 50cm).

The variation apparent in Figure 2 of the shape of the lighteas a function
of stellar angular diameter can of course be exploited inathedysis of observed
light curves; both the precise time of occultation and ttedlat diameter may be
estimated by non-linear least squares methods. An inistinate of the diame-
ter is made, perhaps from previous observations or fronrétieal considerations
based upon the star’s spectral characteristic (5) and osmipute an approximate
light curve. This is then compared point-by-point with theserved light curve and
the differences used to solve for corrections to the inég&imate. The process is
repeated until convergence is reached and depending upgutity and signal-to-
noise ratio of the data, precisions of better than 1mas machived. In practice
several other parameters are solved simultaneously vellastliameter, such as an
estimate of the brightness of the star, the background moideate of motion of the
lunar limb. A large number of stellar diameter measuremeassbeen obtained by
this method and published in the astronomical literature.

The method can readily be used for the analysis and discoferipse double
stars. If evidence of duplicity is suspected in an obserigitt curve, the model-
ing process is extended in order to compute a theoreticakdoy summing two
such curves displaced in time and amplitude by the initiiiveges of component
separation and brightness and lunar limb-rate. The fitthoggss is identical to the
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single-star case, except that now two diameters may be asiihalong with the

parameters of the double star system. The results of sudysasare of course the
same as for the visual observation method, in the sense mihatlee component
of the double star separation in the direction of motion &f litmar limb is deter-

mined from a single observation. However, separations adl &9 a few mas are
detectable.

19.6 Summary

The occultation technique is seen to be a valuable tool f@rskpitous discovery
of double stars, where visual observation can be valualiteurate timing of the
separate events can lead to measurement of minimum separati sub-100 mas
levels of precision, as well as estimates of the relativghiriess of the components.
High-speed photometric observations are capable of masdbservation.
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Chapter 20
What the amateur can contribute

20.1 Introduction

In this book we have been looking at various ways in which #lative positions
and brightnesses of double stars can be measured in such aswaycontribute
to the general knowledge of these objects. The main areappartunity can be
summed up as follows:

Graticle and CCD observations of faint, wide pairs

There is no doubt that there are large numbers of relativatie vand faint sys-
tems for which little astrometry and photometry exists. TH&NO have recently
published on their web site a list of more than 6,000 pairsivhiave yet to be con-
firmed as doubles or which have been unduly neglected. Trease are all wider

than 3 arc seconds and are relatively faint but could be ubdesatisfactorily with a
medium aperture and a graticule micrometer (see Chaptend ¢the work by Har-

shaw (1). These stars would be also be ideally suited to C@&Drastry even with a
moderate telescope and a commercially available CCD cai@aepter 16, written
by Doug West, indicates how this can be achieved. The lisegfatted pairs can
also be found on the CD-ROM.

Micrometer measures of long period binaries

Many of the brightest binaries such as Casgdreo and 61 Cygni have orbits graded
as 4 or 5. These pairs will benefit from continual monitoring are easy with small
telescopes and micrometers. The frequency of observdtmidbe matched to the
apparent motion in the orbit, so in the case of Castor, faritse, annual means
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at the present time still show significant differences anough be continued for
some years yet. FgrLeo, however, motion is currently very slow and means could
be taken every 5 years or even 10 years without detrimentiffipertant point is
that the measures should be made since it is by no meanslwedné professional
community will be doing it. As techniques become more sdp@ted, the close
and rapid binaries are becoming the focus of attention tegtlie wide visual pairs
virtually unmeasured.

For pairs wider than about 10 arc seconds then most of thesensy are probably
optical pairs and occasional measures can serve to chetlegraper motions of
the component stars. It is even possible to find errors in ippatcos Catalogue, as
Jean-Franois Courtot has done with his 21-cm reflector aadrfilcrometer (2).

Relative positions of faint stars from Sky Surveys

Vast amounts of untapped data on wide pairs lie in the vai@kysSurveys taken
with the world’s largest Schmidt telescopes at ESO, Sidipgng and Palomar
Mountain. What is more the data now encompasses severalemgtle bands and
epochs. A determined individual, such as Domenico Gelletadi, Italy, who has
built and used his own measuring machine (3) can make sulataontributions
because many of the pairs on these charts are not only unraddsii uncatalogued.
Sr Gellera has shown that it is possible to measure pairae @s 5 arc seconds
using a microscope fixed to a two-axis measuring machine. é$¢enflade over a
thousand measures of the pairs of Pourteau and in most tesesare the first and
only measures since the original catalogue was compiled fstrographic zone
plates (4,5) . This work was done from photographic printthefPalomar Schmidt
survey and a single print typically contains hundreds ofgpéin collaboration with
Willem Luyten he used his measuring machine to measure thévespositions of
pairs of white dwarfs (6).

It is not even necessary to have a measuring machine to exiate from the
Sky Surveys. The USNO have created a number of large caedabe biggest of
which (the A2.0 catalogue) is the result of scanning Schpimies using the PMM
machine at Flagstaff Station in Arizona. The result is alogtae with 526 million
stars down to magnitude 19 or so and distributed on 10 CD-ROMSmaller alter-
native is the SA2.0, with 55 million stars now only availabieftp from the USNO
site(7) (The UCAC is a more recent and more accurate catalbgsed on Tycho-2
and USNAZ2.0 which contains 27 million stars between mags@inthe southern
hemisphere. Pairs and multiple stars closer than 3 arc de@ra not listed. It is not
quite complete covering about 80the astrograph used belogated in the northern
hemisphere. The sky has now been observed as far north ané4bearesults will
appear in UCAC2 in 2003 or so. UCAC gives positions good t@ @ seconds
between mags 9 and 14 and 0.07 arc seconds at mag 16. The noehnsgpetween
1998.0 and 1999.9. The data is made available in a form deiifabUnix/Linux,
MAC or MS Windows.)
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An alternative is to use facilities such as ALADIN on the SIMB web site. A
description on how to use this facility is given by West (8).

Visual confirmation of pairs in the WDS

There are several thousand pairs in the WDS which have omypbservation - that
of the discoverer and the WDS project team have requestduroary observations.
There is a useful opportunity here to contribute by checkirege pairs and seeing,
firstly if they exist, and secondly to make an estimate of #lative positions and
magnitudes to see if any have moved significantly since segoMany of these
pairs would be suitable for both visual and CCD imaging orldde located on the
various Sky Surveys. The list can be found on the USNO website

Photometry

Perhaps the greatest lacuna in the WDS is the lack of goodptedty for many
of the wider systems. With a CCD camera, it is possible to nmeamagnitudes for
double stars in some or all of the standard wavebands sucfyag &d I. (U can be
attempted if the CCD front window is coated with a layer ofatiolet transmitting
material but this can be quite expensive). Colours are défsueh as B-V, V-R
and R-l and are easily calculated from the individual magigs in those particular
wavebands. Required filters can be made up from commereiadijable glass such
as that made by Schott. For further information see thelesticy P. Boltwood (9,
10) (contact e-mail: boltwood@fernbank.com)

Doubtless, there are many variable components yet to bewtised and in the
case of double stars the great advantage is that there i-anbcomparison already
available for doing differential photometry.

Lunar occultation observations

Graham Appleby has already described the use of lunar @ticuls to investigate
the duplicity of previously single stars in Chapter 18. Rertinformation on all
aspects of lunar occultation work can be obtained from ttertational Occultation
Timing Association at http://www.lunar-occultationsnechota/iotandx.htm
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Use of large refractors

It is certainly true that many of the large refractors oraip designed to do mi-
crometer work on close binaries are not currently being digethis purpose and
some are almost unused, such as the great 26.5-inch refeadwhannesburg (Fig-
ure 19.1). Some are available for research by amateur arsamho have a serious
programme of measurement to carry out, in particular, tharsD76-cm refractors
at Nice, as described in Chapter 21.

Refractors of 12-inch to 15-inches in aperture, of whictreéhere many still in
working order, particularly in the USA could be employed foeasuring some of
the new Hipparcos and Tycho pairs. The long focal lengths afiynwould make
them suitable for using a CCD for astrometry and photoméitfgiat pairs.

Fig. 19.1 The 26.5-inch (67-cm) Innes refractor at Johaoumgs pictured in
1982. (Bob Argyle)

Calculation of orbits

We always hope that the end product of all our hard-earnedomieter measures
on a particular system will be the derivation of an orbit frtime apparent ellipse
and an idea of the total mass in a binary system. It may not beiirifetime but
there is a certain satisfaction from putting down a databésgliable measures that
some future researcher will be able to use. Alternatively fiossible to do orbital
analysis on systems which have sufficient observationsyteran arc which will
allow a good estimate of the apparent ellipse to be made.

Andreas Alzner has gone into the details of orbital analysi€hapters 7 and
8. Not only professionals, but also skilled and mathembgicainded amateurs,
like René Manté in France, regularly publish useful nehitai elements (cf. IAU
Commission 26 Circulars). It is certainly a challengingugation and needs a good
appreciation of the problems which are posed. Now comesihd warning. There
have been some very bad orbits appearing in print. One hacbtin@anion going
in the wrong direction and another used an apparent arc ofjBds to calculate
an orbit of several thousand years and quoted the period ¢ézitndl place into the
bargain! In an attempt to counter the proliferation of uplglorbits in the literature
van den Bos was driven to write a paper called ‘Is this orlzitlyenecessary!

Discovery

As early as the 1840’s Sir James South bemoaned the fact thateSF.G.W.)
had swept the sky clear of new double stars and there waes Iit for him to
do. Twenty or so years later when Burnham began to find manypaés using
a 6-inch telescope even T.W.Webb expressed the view thablid aot hope to
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keep up this rate of discovery. In fact this was just the sibe golden period for
visual discovery which lasted in essence until the middleheflast century. After
that it is fair to say that minds were concentrated on gettiroge observations of
the existing systems in order to accumulate stellar massedymamical parallaxes.
Even so the work of Paul Couteau and Paul Muller in France aumlff Weintz in the
USA indicated that there was no shortage of new pairs foetbospared to look for
them with suitable apertures. The Hipparcos satellite ivbjgerated between 1989
and 1993 found about 15,000 new systems, some of which wad been too
difficult for visual observers but some of the pairs can belkes visually and the
widest discoveries have been seen with very small telescdtipparcos, and the
associated Tycho mission which looked at other obsernatiaade by the satellite
to a fainter magnitude but with less accuracy than the massiom, was by no
means a complete survey.

In short there are still new double stars to be found eithelubgr occultation
or by visual examination in a concerted manner of, say, POSf.fiAs already
mentioned, Schmidt survey films or prints can show stars dm\&si’ separation.
In his study of the pairs on POSS prints originally found omagaphic plates by
Pourteau, Domenico Gellera noted a number of closer conmpeirethese systems.
These pairs have not been confirmed so far but at typical matgs of 12 to 16 and
separations of about 5 arc seconds, these could be recoiithesl 10-inch Schmidt-
Cassegrain with a CCD camera. (See the photo on page xxxpdvirer of modern
telescopes and CCD cameras is such that even pointing atlamearea of sky, one
is likely to record pairs which are not catalogued.

Direct visual discovery is another matter. New pairs stithtup and the French
observer Jean-Claude Thorel using the 50-cm refractorc Mas discovered 4 to
date but these are by-products of a measurement progrartimeettzan a deliberate
attempt to survey for new discoveries. Sky conditions,ipaldrly seeing, would
need to be very good so that stars surveyed show sharp rosk&lahid any close
companion (within range of the telescope) would be reltieasily visible.It is
one thing to measure a known pair whose separation is bewitl limit but it is
quite another to discover one at the same distance.
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Chapter 21
Some active amateur double star observers

Bob Argyle

21.1 Introduction

Although some effort has been expended to try and collectuchrimformation as
possible about the current activities of individuals andugs involved in double
star observing the following notes should be taken as a guitle In each case the
contact details are given in the Appendix.

21.2 USA

Double star astronomy in the amateur community was firstrozga on a national
scale by Ron Tanguay who founded the magazine called thel®&tar Observer.
In Spring 2005, and hosted by the Univesrity of Southern atah the Journal for
Double Star Observers was first issed and since then has bagab& free of
charge on the Alabama websitg.t p: / / ww. j dso. or g. Itis edited by R. Kent
Clark and with Brian Mason of the USNO acting in an advisonyazaty. Issued four
times a year it reflects the work of both international and egmown observers.
The most actie observers in the US are Dave Arnold and Jameg.Da

21.3 France

France has always been a centre of excellence for doublstsidies. In the last
century observers such as Robert Jonckheere and Paul Mudier very active
observers and discoverers. The latter also developed thielelamage microme-
ter. The leading amateur was Paul Baize who was not only agioat observer
but also computed orbits, many of which remain in the catatogday. Antoine
Labeyrie developed speckle interferometry which has hach#pnd effect on the
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observation of very close visual binaries and which hasatblarge telescopes to
be used to their full resolution capability.

Fig. 21.1 Dr. Paul Couteau (right) with Bob Argyle at Santiago de Costgla in August 1996
(Angela Argyle)
k=

For the present generation, the leading professional figusadoubtedly Paul
Couteau (born 1923) with more than 2700 discoveries to keditand 25,500 mea-
sures. Dr Couteau has spent a great deal of his career at gev@tory of Nice
where today double star research still continues.

Under the auspices of the Commission des Etoiles DoubleReoSbci/'et/'e
Astronomique de France, a team composed of Guy Morlet, MaBalaman and
René Gili has for some years now been taking advantage afapabilities of the
CCD imaging technique using the 50 and 76 cm refractors a Diaservatory.

Whilst the 17.89 m focal length of the 76 cm refractor did remfuire any change,
the 7.50 m focal length of the 50 cm refractor has been ineets 15.50 m using
a 2x Barlow lens (Clavé). The CCD camera presently in useFeach LE2IM, a
Hi-SIS 23 with a Kodak matrix KAF 401E (758 x 512 square pixai9u).

The imaging software is either QMIPS 32 or QMIPS. Short expesof 1s down
to 0.02s are taken. For every pair, 200 images or so are ¢lyrsaved on the hard
disk of a portable computer.

Observations are later reduced after the 10 or 15 best infeyesbeen selected
and composited (ie shifted and added) using MIPS. The meamnt of compos-
ite images is achieved using specific software for detemygitiie position angle,
angular separation and magnitude differences

From 1997 to 2000, seven observing sessions have been ¢eddidNice Ob-
servatory and the team measured some 300 different paira to@'.4 with the
50-cm refractor and to’03 with the 76 cm refractor, demonstrating that CCD imag-
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Fig. 21.2 The 50-cm refractor at Nice (Courtesy R. Gili)

ing technique fits the needs of double star measurement gwalhg very reliable
results and allowing the best use of observing time.

Jean-Claude Thorel is one of the leading visual observeFsance today. His
interest in astronomy started during a childhood illnessemie was keptin isolation
and his father brought him a book on astronomy to pass the timeas some 15
years later that the interest in astronomy returned and bghi@ 60-mm refractor
to use at his home in Villepreux, close to Versailles. This falowed by a 20-cm
Schmidt-Cassegrain and his early interests included landrplanetary drawing
and deep-sky observation. His first serious work was comstmhtion, resulting
in a published guide on to how to observe and draw them.

He then became involved in work to resolve some inconsigeric double star
catalogues during the construction of the Hipparcos In@ua©gue. This involved
two trips to use the 1-metre telescope at Pic du Midi in 1986 B987. This ex-
panded into a general programme to measure neglected abkimprpairs in the
double star catalogues using the 50-cm and 76-cm refraatdiéce. He has re-
cently been working on a programme of checking the doubles stiscovered by
the Tycho mission on the Hipparcos satellite - some 4800 athvare visible from
Nice. This had meant travelling from Villepreux to Nice tarer four times a year,
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Fig. 21.3 The plate at the back of the refractor can be shifted in thalfplane. It supports both
the CCD camera and the eyepiece used for visual control dietie(Courtesy R. Gili).

a return trip of 2,000 km but his job now means that he is ableéoin Nice and
take advantage of the proximity of the telescopes there.

He has made 6,000 micrometric mean measures with the refsaat Nice, in-
cluding 4 new pairs (JCT1-4) and has also published a bitgyrapRobert Jonck-
heere amongst other works.

Meanwhile in North-East France, Jean-Francois Courtsthieen engaged in
double star research since 1993 but he has been intereststianomy from youth.
He uses a homemade 205 mm Newtonian from Chaumont.

For wide pairs, a chronometric method, the transit methodtften used (3). The
angular separation is derived from the time needed by coemgsrio successively
cross the same thread because of diurnal motion. Each ne@asat consists of 6
alternate readings{180° ) of the position angle and 20 determinations of the transit
time. The mean internal error for the position angle is uguab°®.2 and+0".3 for
the angular separation.

For closer pairs, a filar micrometer has been installed tosoreaseparations
occasionally down to 0”.66, the practical diffraction linminder good seeing with
the 205-mm telescope. Each measurement consists also teradb readings of
the position angle while 3 double-distance measures ofragpa are taken. For
pairs close enough to be observed at the same glance undeificatgn x 500
without darting rapidly from one star to the other, the filacrometer allows the
mean internal error to be kept typically withir0°.1 and4-0".03. This latter limit is
the equivalent reading accuracy allowed by the screw conhatal the overall focal
length.
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Fig. 21.4 Jean-Claude Thorel in his office at Nice

Fig. 21.5 The 205-mm reflector used by Jean-Francois Courtot in Cbatinmorth-east France
(Courtesy: J.-F. Courtot)
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To compensate for various seeing conditions and more octegsollable errors,
the measurement of a given double is usually repeated on 8liffedent evenings.
For the closest pairs, bright components€V7.5) and stable seeing are needed.
Wide pairs accommodate to fair conditions and can someteaseasured down
V=10.

Fig. 21.6 The RETEL micrometer attached to the 205-mm reflector of-F&gancois Courtot (J.-F.
Courtot)

So far, some 3000 measurements of 800 different doublestiearecompleted,
published (1,2,4) and included in the WDS data base, some tawt of these pairs
having never been observed before. Aside from observatimrbital and neglected
systems, proper motions of optical pairs are checked us#tgrit double star mea-
surements as a start point and new determinations are mopbsmes.

Florent Losse is well-known for his Bbuc software which is widely used by
amateurs to reduce CCD observations. Since 2002 he has atkomore then 2.500
measures of close pairs using a variety of telescopes. Biegjnvith a webcam on
his 8-inch Newtonian in 2002, he added a CCD in 2004 and marenty has
been doing speckle interferometry with a CCD attached td 6itnch Newtonian.
(http://ww. astrosurf.conf hfosaf/)

Many of the results from French observers appear in the gatibin Observa-
tions y Travauxpublished by the SAF.
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21.4 Germany

Andreas Alzner operates a 32.5-cm Cassegrain and 35-cnoNintin an obser-
vatory at Hemhofen, just outside Erlangen. The telescopesguipped with both
RETEL and van Slyke filar micrometers and a Meca-Precis anitbage microm-
eter.

Fig. 21.7 Fig 20.8 The 32.5-cm Cassegrain of Andreas Alzner fitted aviffouble Image microm-
eter. (A. Alzner)

Dr. Alzner has also published a number of orbits in Astron@mg Astrophysics
and concentrates on close pairs, down to 0.25 arc secordding also some of
the first measures of Hipparcos discoveries from the grotiedis the author of
Chapters xx and yy here.

Dr. Rainer Anton lives near Kiel. Starting in 2002 he has uskdideo cam-
eras for double star imaging which gave a pixel size of 0”.X#&mwused in zoom
mode on his 20-cm telescope. More recently has been usirtg¢haique of lucky
imaging which he describes in Chapter xx. In collaboratigthwther German col-
leagues such as Karl-Freidrich Bath he has also made sopsetériNamibia to
use the telescopes at the Internationale Amateur-Stetewatstation in the Gams-
berg Mountains in Namibiaht t p: / /i as- observat ory. or g to make ob-
servations of southern double stars. Dr. Anton is a reguwatributor to JDSO
(http://www,jdso.org)
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Jorg Schlimmer has been using Phillips toUcam pro 740k ambon his 8-
incn reflector whose basic 800-mm focal length can be ineés 1500mm and
3000mm by use of Barlow lenses. In the latter case the pizel isi 0".34. (See
JDSO0 6, 197, 2010)

21.5 Hungary

The Hungarian Double Star Section, established in 1992ighds a column in the
monthly journal of the Hungarian Astronomical Associatibteteor. Since 2010 its
leader has been Tams Szklenr. So far 150 amateurs have ma@e dbbservations
of more than 7500 pairs. Most of these are visual obsernationly the amateur
Ernd Berko of Ludnyhalszi measures the doubles regulfidyn 2001 with a CCD
camera, and since 2007 with a DSLR camera and a 35.5 cm refldetoneasures
mostly the neglected pairs of WDS, but in the meantime ? uj E@bruary 2011
? he has also discovered more than 1100 new pairs, which lesredatalogued.
Sometimes Tamas Ladanyi and Gyrgy Vaskti measure dotdolg $00, of which 2
have been catalogued under Taméas Ladanyi's name. Sif@s Pthod Berko, Tamas
Ladanyi. and Gyorgy Vaskti’'s articles have been publisirethe Circulars of the
Webb Society Double Star Section, from issue 10 on. Theségatibns contain
measurements, as well. Ern? Berk?s measurements of Isitanie also appeared
in the AmericanJournal of Double Star Observatioséce 2007.

21.6 Spain

The first measurement catalogue entirely produced in Speamlamateur was that
by J. L. Comellas. The first, published in 1973 (Catalogo d&rdlas dobles Vi-
suales 1973.0) contained measurements of 1200 double wssarg several reticle
micrometers and a 75-mm aperture Polarex-Unitron refrastievision of this cat-
alogue was published in 1978 inside Comellas’s Guiia deh&mento handbook.
Twelve years later the same author published a second ga&(€atalogo de Es-
trellas Dobles Visuales 1980.0) that included 5114 doubli#sn reach of his new
102 mm aperture Polarex-Unitron refractor installed in dliservatory with a 2
metre dome, of which he personally measured over 3500. Tiaes&orks were
published by Agrupaci/’on Astrondmica de Sabadell (AABY &ditorial Sirius re-
spectively.

Since 1985 other observers have maintained the contintiBomellas’ work.
From 1976, T. Tobal regularly collaborated with him, andha mid-1980s he built
a small observatory equipped with a 102-mm Polarex-unitefractor and a reticle
and filar micrometers constructed by J. A. Soldevilla, allayhim to start a system-
atic revision and updating the 1980.0 Comellas’s Catalou®991,in conjunction
with other colleagues, T. Tobal coordinated the measurensent by individual ob-
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Fig. 21.8 The Spanish double star observer, José-Luis Comellapal)l

servers and began to publish a periodic circular (RHO: Carade Estrellas Dobles
Visuales) for internal use, in order to coordinate the warll #o publicise the re-
sults. J.Planas developed the MAIA software, meaning tpameethe massive com-
pendium of Spanish measures from 1970 to USNO/WDS standardzairol, 1.
Galn and A. Sanchez typed thousand of data from paper to ectmmgatabase. Sub-
sequent acquisition of new precision micrometers, doubkege Lyot-Camichel-
like, and CCD devices came off, and between 1992 and 2000 thane5000 new
observations and measurements were collected, provideaniayeurs throughout
Spain.

In 1991 the Garraf Astronomical Observatory (OAG) was faeth@énd in the
original site (1992-1998) a 3.5-m diameter dome with a 260416 aperture New-
tonian was installed. Then a new observatory was constiurdiag public and pri-
vate investment. Located 30 Km. South of Barcelona, inside&3arraf Natural Park
was opened in November 2001. It has a new 3.5-m dome and a 30eartonian-
Cassegrain /3.5 and /13 telescope fitted with a CCD camedaaa.yot double-
image micrometer and others devices for double stars wgrkin

In 2003 a final compendium of about 10.000 measurements nededn 1970
and 2003 was coordinated by the staff of OAG. This work wasqmeed at the
First International Meeting of Double Star Observers, thst fineeting between
Spanish and French observers that took place in Castdid@arcelona, Spain)
in 2000. It was organized jointly by the Agrupacion Astoonica de Castelldefels
(AAC), Observatori Astronomic del Garraf (OAG) and the Guission des Etoiles
Doubles (SAF). The OAG General Catalogue of 10,000 measmtsi970-2003
(coordinated by T. Tobal & J. Planas) is only available ircefenic format at the
USNO / WDS and OAG web site.

Since 2004 the interest in double stars in Spain has grownifisigntly appearing
new observers and teams. R. Benavides, J. L. Gonzéalez &d\asa, founded in
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Fig. 21.9 The observatory in the Garraf National Park, near Barcelona

2009 the electronic magazine El Observador de Estrellage®Bod specialized mag-
azine in Spanish language availablétat p: / / el obser vador deestr el | asdobl es. wor dpr ess. coni .

Other active observers are F. Rica , coordinator of DoulaeS&tction of LIADA
international group (http://sites.google.com/siteldsliada/) , I. Novalbos and J.
A. Santos in charge of electronic measures (http://oantif@gspot.com/) and R.
Hernandez, J. Torell with and N. Miret managing the OAG bchiculation team.
Another important observatory with a 40-cm telescope dgllipped with CCD and
spectroscopic devices was funded by J.Genebriera in LaaP@lanary Islands)
(www.astropalma.com), who is an active observer in sev@fgb and professional
projects.

New programs began to take shape after 2005, aimed at renj@weglected dou-
ble stars in WDS catalogue and detecting anonymous paiesORG Supplements
(2005-2008) include more than 4,000 new measures and mame&S00 new pairs.

In mid-2008 the OAG team started a systematic exploratiothefEquatorial
Zone (Dec +20to -20° ) on digitized images from professional surveys designed to
find anonymous common proper motion systems with ¢ 50mag/@é& Common
Proper Motion Wide Pairs Survey). Nowadays 11 teams througBpain in collab-
oration with several professional teams (J. A. Caballerdiéntes, E. Solano and
D. Valls) are working on it. In late 2010, more than 600 newpabt listed before
were included in the USNO / WDS catalogue, emphasizing tiéribaition of A.
Bernal (Observatorio Fabra, Barcelona). This project @dmated by X. Miret, T.
Tobal, and I. Novalbos of OAG and C. Schnabel of the AAS. Ritojletails and
complete list of participating observers in this and othistdrical projects, can be
seen at www.oagarraf.net.



21.6 Spain 265

This new period had its culmination in the Second Intermatidleeting of Dou-
ble Star Observers that took place in (AFEGIR nota 1) Sabégieicelona, Spain),
October 2010, witch joined professional and amateur olesenfrom Australia,
France, UK, USA and Spain.). The full presentations andlagiare available at
(http://ad.usno.navy.mil/wds/dsl.html.

Fig. 21.10 The joint meeting between European double star observésrh®ctober 2010
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21.7 South Africa

The Double Star Section of the Astronomical Society of SetritAfrica is led by
Chris de Villiers. He has recently successfully experirediwith speckle imaging
using the 18-inch refractor at the South African Astronah@bservatory in Cape
Town. More details can be obtained from his web site whichivergin the Ap-
pendix.

21.8 United Kingdom

The Webb Society Double Star Section started in 1968 and Bghl&became Di-
rector in 1970. It was not until the end of the decade that somkminary attempts
to measure double stars using grating micrometers and moaae-filar microme-
ters were made. By the end of the 1980’s the availability oficzercially made filar
micrometers allowed members to make micrometric measAtele time of writ-
ing the results have been published in nineteen Double $@&idd Circulars most
of which have now been incorporated in the Observationsl@ate of the United
States Naval Observatory. Using the 8-inch refractor aCtambridge Observato-
ries, Bob Argyle is carrying out a programme of visual meament (see Chapter
21). The programme consists of a number of long-period Ergrius observations
of some wider, fainter pairs. Including two periods of olvs¢ion with the 26.5-inch
refractor at Johannesburg some 7,350 micrometer measavesbken made since
1990.

Tom Teague, using an 8.5-inch reflector near Chester, hasaged a new and
more efficient way of using a Celestron Micro Guide eyepiawtlze describes the
use of this instrument in Chapter xx.

John Greaves has concentrated on using on-line astronretry recent cata-
logues such as the Sloan Digital Survey to identify wide camrmroper motion
pairs. To date, the WDS catalogue contains 1247 systemsweised this way.

The work done by the Webb Society can be found at http://www..
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Chapter 22
An observing session

Bob Argyle

22.1 The telescope

In this chapter | describe a typical observing session wigh&-inch (20-cm) Thor-
rowgood refractor at the Institute of Astronomy in Cambegd@he telescope be-
longs to the Royal Astronomical Society but is on permangam ito the Cambridge
University Astronomical Society and has been on its presiatsince 1930 (Fig.
21.1).

It was built by Cooke in 1864 for the Reverend W. R. Dawes whibrdit have
much opportunity to use it. It passed through the hands of WM&y, a founder
member of the British Astronomical Association and an &ctiouble star observer,
before ending up in the possession of W. J. Thorrowgood, witayn, bequeathed
it to the RAS.

Fig 21.1 The 8-inch Thorrowgood dome

The telescope is on a German mount and is driven in RA by a syrathronous
electric motor. The focal length of the object glass is 1Thés giving the telescope
a focal ratio of just over f/14 and a scale at prime focus o2 &tc seconds per mm.
There are slow motion controls in both RA and Dec each of whichon tangent
arms and consequently have to be reset every night or twdeldszope can be used
either side of the pier but my own practice is to work on the gige of the pier since
clamping the telescope this side is much easier and speeadsepving. In addition,
the slow motion controls are to the right of the eyepiece andencomfortable to
work with.

22.2 The micrometer

| use a RETEL micrometer is to make the measures (Fig 21.2)y€Tdre three wires
in the field of view of the eyepiece. Two are fixed and perpeauldicto each other;
the third moves in two directions and used in conjunctiomtie fixed wire parallel
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to it measures the separations whilst the other wire is usepdsition angles. The
movable wire is controlled by an engineering micrometeewawhich has a range
of about 11.5 mm and which can be read to 1 micron using thel figenier. The
wires have a diameter of 12 microns, which translates toS0ih&he focal plane.
As the telescope will resolve pairs about 0”.55 apart thiglaénly unsatisfactory.
This can be easily overcome by means of a Barlow lens. In #iég ¢ employ a
x3 Barlow which triples the effective focal length and redsithe apparent size of
the wires in the eyepiece to about 0.3 arc seconds. In cotigunwith the 18 mm
Kellner eyepiece supplied with the micrometer this givesamnification of about
x450 and this is used for all measures.

The field is illuminated by a single red LED which can lead tegllax problems
if the illumination is set too high. A way out of this is to ldeaan LED in the
telescope dewcap thus illuminating the field more evenlyb@ght stars it is best
to turn the ilumination down or even off to set the wires sittoey can be seen in
shadow against the star disks. Using the manufacturariwitiation | can measure
wider pairs down to about V=10 and for faint, close pairs t8@#1280 (mags 8.9
and 9.1 at 1.2 arc seconds) represents the limit for the [8+iftactor.

Fig. 21.2 The RETEL micrometer and Barlow lens mounted or8tivech Thor-
rowgood refractor

Although it is clearly better to have a micrometer residimgrpanently on the
telescope, in my own case this is not possible since thectgbesis often used for
other observations including solar projection. Hence iste fitted and removed
for each observing session. | therefore have to check thrimental position angle
of standard pairs at the beginning and end of the night. Iralsasure the separations
of the same pairs to give a determination of the scale of tleeamieter by taking a
mean of the two determinations which usually agree to within

Whilst the micrometer is being fitted to the telescope, themelds opened to
allow the inside air to come to the same temperature as tloaitside. As the dome
is fairly small this does not take very long. A note is madehaf itome temperature
at the beginning and end in case refraction corrections toeeleel made and to check
whether any scale variation in the micrometer with tempeeats discernable. In
practice | don’t do this. For pairs j 30 " in separation thereotion is very small.

22.3 Other accessories

For observing | take the following items: a notebook in whilth raw micrometer
readings are written. These are transcribed to anothemslater and the reduc-
tions made at home. A star atlas with the target stars matkieave found that
using Norton's Star Atlas and simple star-hopping is adezjiathe vast majority
of cases. The telescope is fitted with setting circles buttiseno sidereal clock in
the dome and the circles are not that easy to read in subdjied\When the pair is
in arich starfield it is occasionally necessary to take a rdetailed map of the stars
nearby in order to locate the pair in question. A torch withexe of red plastic over
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the window allows the micrometer readings to be clearly seewell as affording
enough light to write down settings. Finally a list contaiihs stars to be measured
along with the number of nights which each one requires aadtimber left to do.

22.4 Measurement plan

My policy is to measure the most interesting binaries onagtl® nights each year.
Some such as Castor (alpha Gem) tend to get more than thisdeettze star is
so bright it can be seen in twilight and observing can statiezavhen the seeing
can be rather good. The standard pairs used also tend tohss tatght for the
same reason. Relatively close pairs (at around 1 arc seednidh are measured
occasionally because they are slow-moving get 4 nights apdtaer pairs (usually
wide) get 3 nights. As for the number of settings made on eradividual star this
tends to depend on the difficulty of the pair. In the summeQ®9], for instance, the
fine binary zeta Her which consists of stars of mag 2.9 and &s8sgparated by just
under an arc second. This meant that measuring the compdepemded very much
on sufficiently good seeing but, even so, setting the posditgle wire resulted in
values which scattered by as much as 15 or 20 degrees. Iraggs cmake up to 8
settings in position angle. For wider pairs, where the sajmr is perhaps 20 or 30
arc seconds, the agreement between individual angle geisrusually better than
1 degree and 4 measures are deemed sufficient.

Itis very useful to mark up the target stars on the star agasabse another time-
consuming activity is moving the dome by hand. By conceimgabn a number of
pairs in the same region of sky not only can these be obsereed quickly but a
comfortable observing position need not be disturbed téenoHaving said that,
trying to see stars near the zenith with a long-focus refragtquires the ability of
a contortionist and | tend to avoid stars which are too higth@sky. There is no
doubt that comfort is a significant advantage in securintebeteasures.

The pairs to be measured will depend on several factors rilme@ne being the
seeing. If the seeing turns out to be particularly good thiemdl to concentrate on
the closest pairs. If seeing is poor then wider pairs canibd.tit is very rare in
Cambridge that stars of 1 arc second separation cannot beune€iaso it is clear
that the city environmentis not necessarily a bad one evargththe sky is usually
rather bright. Another factor may be the number of obseowatleft for a particular
pair. It is better although not necessary to try and get sefftaneasures for a mean
during the same season. For wider pairs which are slow mavimgy be 3 or 4
years before | get sufficient measures for a mean.

Ared torch is used througout. For examining the star atlathilocation of the
next pair, looking the verniers on the micrometer and wgititown the settings in
the observing sheet. A simple hand-held torch with a butaadlow the light to be
flashed on and off is most efficient. Rechargeable battedes secoup the initial
outlay.
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22.5 Measurement

In measuring each pair the position angle is always donefiidtlthough formally
the wire should be reset at the end of this procedure to the redae in practice this
is not done since the individual values tend to agree clesabyigh for this purpose.
Two to four settings are made and the individual angles relneeed before writing
them down. For wide pairs these will usally agree to withie degree and it is then
only necessary to remember the decimal part. It is recometetitht the quadrant
in which the fainter star lies is noted. With equatorial $elgpes the approximate
directions of the cardinal points are usually fairly ob\d@o it is a simplematter to
record whether the companion star is in the first quadrantyiith a PA between 0
and 90) or another quadrant. This is because the recorded PA frermitrometer
is ambiguous by 180 degrees depending on where the microbeatel is pointing.

| happen to be right-handed so the micrometer barrel is lysmahe first or second
quadrant.

For separation, the technique used depends on the disteheedn the stars.
For close pairs (j 15”) the double distance method is usedtlamdwo values of
the screw are written down at the end of the procedure. Foempdirs it is too
time-consuming to do this so four settings are made with theafle wire on one
side of the fixed wire then another four settings made withniowable wire on
the opposite of the fixed wire. This requires the use of thestalpe slow motions
and this is where a box screw would be useful. On the oldeshrasrometers this
was an arrangement which allowed all the wires to be movedsadhe field of
view whilst retaining their absolute position with respazibne another. With the
RETEL micrometer the separation readings are in mm on theomieter screw but
each revolution of the screw is graduated in 50 divisionsae must be taken to
note whether the reading is between x and x+0.5mm or x+0.Xahd mm where
x is the reading in whole millimetres on the barrel. In mostesa however, the error
will stand out easily and be corrected when reducing the data

As mentioned above for the Thorrowgood it is necessary t@werthe microme-
ter and Barlow assembly at the end of each session and so tmefokt pairs to be
measured is a calibration pair. A list of bright pairs witlpagations from 14 to 100
arc seconds around the sky is used (and is given in Chaptefli®)elative position
angles and separations are known to ab6ut Gnd about0.05 - sufficiently small
to be negligible compared to measurement or personal efifbessame pair, if pos-
sible is also measured at the end of the night. If it is posdibleave a micrometer
in place on the telescope then this is the best option - evethsaero of position
angle should be checked at least once per night.

22.6 Reducing observations

The observed micrometer settings are taken home wheretheppied with a little
more neatness into an observing book (Fig. 3). The orige@dndings are kept in
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case of a query or transcription error. It is at this point tine mean settings are
calculated and the position angles and separations worked o

Fig 21.3 An extract from the author’s observing book. The teatral columns
record the settings of the movable wire in millimetres cspanding to the double
distance method. The right hand column gives the observsitiggo angle on the
micrometer barrel. This is converted to the true PA and sdjoar by using the
reference paid Boo. The final observed PA and separation are given alongtiéth
epoch of observation in decimals of a year. Note the cowrdt the mean PA of
STF 1932. It is easy to misread the micrometer dials in theedom

The two observations of the calibrations are done first. ghiss a mean value
for the observed position angle at the beginning and endeofdission. This usu-
ally agrees to better than 1 degree. The difference betweemstrumental value
and the value from the calibration list is the correction écapplied to all the other
mean position angles. Similarly a mean screw value is obthfrom the calibra-
tions and applied to the remaining observations. The finathads to convert the
calendar date to a decimal of a year. This can be done via aipotable which
can be found in the Explanatory Supplement to the Astronahiiphemeris or the
program JD&EPocCH in the ‘soft’ folder on the accompanying CD-ROM can be
used. High resolution work such as speckle interferomatryapid visual binaries
is usually in time using the date to 4 decimal places but fsuai work with small
telescopes, 3 places of decimals is more than adequate.






Chapter 23
Some useful formulae

Michael Greaney

23.1 Introduction

The observations brought inside after a night at the tef@soepresent just raw data.
A number of steps must be taken to reduce this data to meamiolgéervations.
These steps will include expressing the time of each observas a standard epoch
and reducing the observed magnitudes of the individual @srapts. Consideration
will also have to be given to any effects that atmospheri@ation might have on
the relative positions of the components. If the observatiare to be reduced to
some standard epoch then corrections must be made for e setif precession
and proper motion on the position angle. It might be inténgstlso to compare the
observed position angle and separation with the expectie@sarhis will entalil
calculating them from the orbital elements of the system.

The calculations involved can be carried out quite readitip @ome simple com-
puter programs. The programs given here are written in @Bagiich is bundled
with the Microsoft Windows 95, 98 and Millenium edition opéing systems. How-
ever, QBasic is not installed as part of the Windows ingfalteprocess and has to
be installed manually. The process is really quite simple t@the TOOLS direc-
tory on the Windows CD and then to the OLDMSDOS subdirectdngse the two
QBasic files will be found. (One is then EXE file, the other, gfhhas an icon of a
book, is the help file.) Highlight the files and then drag themrdo the WINDOWS
directory on the computer’s hard drive. From there doulitka@n the EXE file to
launch QBasic (although it might be more convenient to ihstahortcut on the
desktop or start menu and launch it from there).

23.2 Dating observations

The date of a double star observation should be expressée gear in fractional
form, usually to three decimal places. This is known as tleekpf the observation.
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There are two forms of epoch that have been used in datindelst#y observations:
the Besselian epoch and the Julian epoch.

The Besselian epoch is base on the length of the Besselianfy@aproximately
365.2422 days and is given by
Besselian epoch = B1900+(JD-2415020.31352)/365.24 811987

where the prefix B indicates that it is a Besselian epoch, Jibdslulian date
and the constant 2415020.31352 is the Julian date of thdatdepoch B1900, i.e.
1900 January 0 (= 1899 December 31).

The Julian epoch was introduced with the new astronomicastemts in 1984. It
is based on the length of the Julian year of exactly 365.25 day is given by
Julian epoch = J2000+(JD-2451545)/365.25

where the prefix J indicates that the epoch is a Julian epodhhenconstant
2451545 is the Julian date of the standard epoch J2000,008€. 2anuary 1 at 12
hours Universal Time (UT).

The prefixes B and J are used only where context or accuracyg thakn neces-
sary.

Dating an observation to three decimal places means efédgtilating it to an
accuracy of nearly nine hours. This means that a singlerJeleoch value could
serve for about four or five hours of observing time. So it isgible that a single
epoch value could serve for a whole observing session.

The program JCEPOCH.BAS returns the Julian epoch for a given date and time.
The Julian date is calculated in the course of calculatiegltilian epoch and as it
is widely used in astronomy, for dating variable star obatowns for example, it is
also returned.

The value of the constant TZ near the beginning of the prognaeds to be
set to that of the local time zone. This enables the time toribered as the local
time; otherwise the program assumes the time at Greenwiehcé] for the North
American Eastern Standard Time TZ-=5, whereas for New Zealand Standard
Time TZ =12.

Let us date some hypothetical observations made in New Deltia between
7pm to 11pm (local time) on Christmas Eve 2001. TZ in this casald be 5.5.
Now the mid-point of the observing session would be 9pm 2ilehours. The data
would be entered into the programme as

Enter the date (yr,mth,day)? 2001,12,24

Enter the time (hr,min,sec)? 21,,

The results would be

Julian date = 2452268.1458

Julian epoch =2001.980

Enter the hour followed by two commas, rather than enteragrg minutes and
zero seconds when entering only the hour for the time.



23.3 Position Angle and Separation 277

23.3 Position Angle and Separation

Measurements made of double stars are used to determinebited elements of
the binary system. These can be used subsequently to deltéavisual aspect,
i.e. the position angle and separation, of the binary forvamgidate. The program
PA_SEP.BAS carries out such calculations.

The program asks for the orbital elements of the system firghis program
they are in an order that corresponds with the US Naval Obsany's Fifth Catalog
of Orbits of Binary Stars, which can be found on the Intersete(Appendix C).
There are other tables of orbital elements available, besehmight not list the
elements in the same order. However, the input statementedmrbital elements
in the computer program can be arranged in any order, jusiveesathat the input
statements for the period and for the eccentricity are éoedain do-loops so the
whole loop will have to be moved if either of these input stagats is to be moved.

The first step in calculating the position angle and sepamasi to find the mean
anomaly. This is the proportion of the period that has lajsseck the last passage
of periastron and is expressed in angular measure. So iftorteef the period had
lapsed then the mean anomaly would be“120

Once the mean anomaly has been found the eccentric anonsaly ba found.
This is carried out by evaluating Kepler's equation M = E +eksi It is an apparently
simple equation, but it is an example of what is called a tandental equation and
can not be solved explicitly for E. The solution is found bgw@sing an initial value
for E (which is never greater, or less, than M than an amounale e, when M
and E are expressed in radians) and then evaluating thei@gtatsee if it gives
the right value of M. If it does not, at least to a predeterrditevel of accuracy,
then the value of E is amended and the equation re-evaluBitéiprocess of iter-
ation continues until the required level of accuracy is eedd. Finding methods of
evaluating Kepler's equation has been one of the most intrggproblems in math-
ematical astronomy since Kepler published it. Even the inésl value for E has
been the subject of much investigation.

The importance of finding the eccentric anomaly is that ezstile true anomaly
(v) to be found. Once this has been found we can define u as the fstha wue
anomaly and the argument of periastros),(i.e. u = v +w.

We can then define

X=cos U
y=sinucosi
and hence obtain expressions for the position argjl@d separatiorp
y
tan(6— Q) ==
(0-Q)=>

whereQ is the position angle of the ascending node

p=ry/0¢+)

where r is the magnitude of the radius vector



278 23 Some useful formulae

This expression for the separation is not the standard dniehvis

_ rcog(v+ w)
p= cog 8- Q)

B rx

- cog6-Q)

The difficulty with the standard expression is that the deinamor will equal
zero wheneveb — Q equals 90and 270. Recasting the equation in the alternative
form obviates any difficulty that would arise if this situati should ever be met in
practise. It has to considered, though, whether the exipressntained in the square
root radical will ever be negative as that would cause probléut as both x and y
are squared and then added together, that situation wilrreacur. The alternative
form, then, provides the computer program with greategirity: Furthermore, as x
and y are used to calculate both the position angle and treratgm there is less
evaluation of trigonometric terms. This makes the altévedbrm computationally
more efficient.

The expression for the position angle suffers from the saafiectl, namely that it
becomes undefined whenever x equals zero. However, in sstniges the matter
can be resolved by the sign of the numerator, y: if it is pesithenf — Q equals
90°while if negatived — Q equals 270. The same line of reasoning can not be ap-
plied to the standard expression for the separation, bedtusns out that whenever
the denominator is zero the numerator is also zero.

As an example, calculate the visual aspect of our closedildatar Alpha Cen-
tauri (WDS 14396-6050) for the middle of the year 2002; hetheedate of obser-
vation will be 2002.5. The input values will are given beldvne brackets contain
the designations used on the USNQO'’s web page. Note that Qméttpaa capital
O, representf2 while omega, with a lower case o, represemtsThe Greek letter
designations are normally found in other tables of orbil@inents.

Period 79.90 (P)
Semi-major axis 17.59 (a)

Orbital inclination 79.23 (i)

Position angle of the ascending node 204.82 (Omega)
Epoch of periastron 1955.59 (T)

Orbital eccentricity 0.519 (e)
Argument of periastron 231.8 (omega)
Date of Observation 2002.5

These values give

Position angle = 225.4 degrees.

Separation = 12.41 seconds of arc

The program can be tested against further examples takertfi® USNO’s web
page. Click on the E in the right most column of the table ofitailelements to
see the ephemeris of the star. Clicking on the P next to thedsgi diagram of the
orbit.

The whole table of ephemerides of double stars can be foutldeoddSNO web
page (see Appendix C) The E on the table of orbital elememits lio this page.
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23.4 Precessing the Position Angle

Now it may turn out that the calculated position angle of tbalile star might not
correspond with what is observed through a telescope. Gasmnefor this that the
orbital elements might not have been determined to a suificiegree of accuracy.
Continuing to measure such doubles will help to amend theffiegncy. Another
reason for the discrepancy is that the position angle wileleanged with time due
to precession. This particular difficulty can be resolvedarimmediately.

The position angle of the ascending nod®) (efers to a particular point in the
sky, namely the North Celestial Pole. However, the positibthe pole moves in
time due to the effects of precession and the value of thdiposingle of the as-
cending node changes with time as a consequence. The pasitiyte of the ascend-
ing node, therefore, has to be reduced to the date of ob&artatgive an accurate
value for the position angle. The program REDUC.BAS carries out this reduc-
tion. Unfortunately few tables of orbital elements give #poch of the ascending
node, so it might not always be possible to carry out the réoloc

When the epoch of the position angle of the ascending nodedn there are two
ways to carry out the reduction. First calculate the pasiéingle and separation and
then reduce the position angle to the date of observatidirsbreduce the position
angle of the ascending node to the date of observation and#heulate the position
angle and separation. The result is the same either way

The position angle is further affected by the star’s propetiom, as the star itself
will have moved with respect to the pole. The program alsd¢unhes a correction
for proper motion.

The effects of precession and proper motion on the positigieaare greatest
for stars of high declinations and large proper motionss figéssible, however, for
these two effects to be of opposite signs and consequemtiyigh the change in
the position angle.

Taking Alpha Centauri as an example again, calculate thegghin the position
angle over the fifty-year period 2000 to 2050. The positiogi@for 2000 is 222.3.
The position of Alpha Centauri for the epoch 2000 is

Right Ascension 14h 39m 35.885s

Declination -605007".44

Centennial proper motion in RA -3826

Then we have

Initial position angle 2223

Date of initial p.a. 2000

Date of final p.a. 2050

Entering these values into the program gives

Position angle referred to 2050 = 22Q.

So there is a change of -0.3 degrees over the fifty-year pehiedsimply to
procession and proper motion. (Note: this is note the mosiéingle for the year
2050, but the position angle for the year 2000 referred tgtie of the year 2050.)
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23.5 Differential Atmospheric Refraction

A further correction to both the position angle and the safi@am must be made,
this time for the effects of atmospheric refraction. Thereotion should be made in
reducing observations as well as when comparing observidoaiculated values.
The effects are negligible for small separations, as bothpoments are subject to
the same degree of refraction, and for stars of small zemstante, where there is
little displacement of star positions due to refraction.

The program DIFEREF.BAS is derived from the Fortran 77 program developed
by RW Argyle. The details of the latitude (Latd), longitudeofigd) and time zone
(TZ) near the top of the program should be amended to thodedadliserving site.
If the observations are being carried out at the one site these values become
program constants and only need to be changed if the obgesiténis changed.

The date and time, the air temperature and pressure, théogi@uaoordinates
of the star and the position angle and separation are rebjoiEalculate the correc-
tions to the position angle and separation. Once these emredntered the program
begins by converting the time of day and the right ascensidheostar into hours,
and the declination into radians.

The first thing to be calculated is the number of days sincesthedard epoch
J2000, i.e. 2000 January 1 at 12 hours UT. A short detour is taeried out to
calculate the Julian epoch. The local sidereal time is tbend in order to be able
to calculate the hour angle of the star, which in turn is usedktermine the zenith
distance of the star. The greater the zenith distance tlaegrihe effects of atmo-
spheric refraction on the star.

The program then converts the air pressure to millimetrédarfcury and then
calculates the normal refraction.

The parallactic angle, which is next calculated, is the @asgbtended at the star
between the zenith and the pole.

After the zenith distance has been found the program goese oaltulate the
corrections to the position angle and separation using Grat's equations. These
equations hold only for zenith distances less theh 75

The program returns the value of the zenith distance alonly thie corrected
values of the position angle and the separation. It alscsdive Julian epoch, which
obviates the need to run the dating program separately.

The use of the program is best illustrated by consideringtteet of atmospheric
refraction on a star such as theta Tauri. The position arfgleecstar is 347.2 and
the separation is 33744. Although these are the correct values we will assunte tha
they are the observed values to determine to what degrezctiein would affect
them. Let us assume that the observation was made from Aakiew Zealand,
on 2001 February 28 at 10pm local time.

We need to know the atmospheric temperature and pressong, &ith the posi-
tion of the star to correct for the effects of refraction oa #tar. The position of the
observer is also required; hence the following changes tteleel made near the top
of the program: -

CONST Latd =-36.9 'Latitude in degrees.
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CONST Longd = 174.8 'Longitude in degrees.

CONST TZ =12 ’Local time zone.

For the atmospheric temperature and pressure we will takedlues 3C and
1010mb respectively. The input then becomes

RA of star : hrs,min,sec? 4,28,43.8

Declination: deg,min,sec? 15,52,24

Date: year,month,day ? 2001,2,28

Time: hour,minute,sec ? 22,,

Air temperature: deg C ? 5

Air pressure : mbars ? 1010

Position angle: degrees? 347.2

Separation: arcseconds ? 337.45

The results, then, are

Zenith distance (deg) = 74.517

Corrected values:-

Position angle (deg) = 347.3

Separation (arcsec) = 338.47

Julian epoch =2001.161

The change in the position angle in this instance is only d&drees, but the
change in the separation is"402. However, if the position angle were 2 there
would still have been a change of:0 in the position angle, but only ¥@23 in the
separation. This is because the companion would have bgkartiithan the primary
and therefore subject to less refraction.

23.6 Estimating Double Star Magnitudes

It is useful to provide estimates of the magnitudes of themmments as well as the
position angle and separation when measuring double Jtagsnagnitudes should
be estimated to a tenth of a magnitude. A method for estimdktia magnitudes is
described in the Webb Society Deep-Sky Observer’'s Handbémime 1, Double
Stars (Second edition), page 24.

The method is as follows: estimate the difference in magieitoetween the two
components, then with a low power eyepiece, so that the éostar appears as
a single star, estimate the magnitude of the apparentlyesstgr. This will give
the combined magnitude of the pair. The combined magnitadébe estimated by
comparing the star with two other stars of known magnitudeié field of view, in
very much the same way that variable star observers makal\dstimates of star
magnitudes. (Such a method is described in The Webb Socestp{3ky Observer’s
Handbook, Volume 8, Variable Stars, Chapter 3)

The equatorial double 70 Ophiuchi appears as a single staraghitude 3.8.
When resolved through a telescope the components are fourale a magnitude
difference of 1.8. The magnitudes of the individual compdaean be found with
the program INDVMAG.BAS.
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Combined magnitude 3.8

Magnitude difference 1.8

Magnitude of A 4.0

Magnitude of B 5.8

Providing magnitude estimates enables the stars to be oneditor any variation
in brightness. Eta Geminorum and Alpha Herculis, for exanate visual binaries
which each has a variable component.

23.7 Triple Stars

There might be occasions when a triple stars are observddrtunately the com-
ponents are not always spaced sufficiently to measure fromgéegosition. It is
not always possible to measure the position of B with resfeét and then rotate
the micrometer around and measure the position of C witheigsp A. This is be-
cause multiple star systems tend to preserve their bindyendf there are three
stars then two of them form a binary while the third componesually orbits the
other two as though they were a single star. Likewise, ifalveere a forth compo-
nent it would normally be paired with the third component ingla binary system
where each component was itself a binary.

Measuring a triple star, then, usually entails measure B vaspect to A and
then measuring C with respect to the AB pair, or more spedtificaith respect to
the centre of AB. The observation is made this way because aiiicient magni-
fication is used to separate A and B the field of view is usualtydmall to include
C and conversely when the field of view contains C, A and B amallystoo close
to be separated.

The program TRIPLE.BAS takes as its input values the measemes of B with
respect to A and of C with respect to the mid-point of AB. Thé&uea of C with
respect to A and with respect to B are returned. The calaulatinvolve nothing
more than some simple plane geometry.

Measurements of Zeta Cancri for 2001 are

AB 6 =78.3 andp = 0".86 (2001.205, 8 nights)

1/2AB-C 6 =72°.9 andp = 5".79 (2001.250, 7 nights)

Hence the program input values will be

Enter the measurements of AB

Position Angle? 78.3

Separation ? .86

Enter the measurements of 1/2ABZ

Position Angle? 72.9

Separation ? 5.79

Which return

Values for A>C

Position Angle = 73.3 degrees

Separation = 6.22 arcsec
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Values for B->C

Position Angle = 72.5 degrees

Separation = 5.36 arcsec

The position angles, in this case, are all close to the salne vahich suggests
that the three components lie close to a straight line.

The character 1/2, in 1/2AB, can be obtained by holding ddwerAlt key while
typing the number 171.

23.8 Observing Double Stars with an Altazimuth Mounted
Telescope

The application of computer technology to telescope drives enabled sidereal
tracking to be automated on altazimuth mounted telescafdeszimuth mounted
telescopes, however, turn about an axis through the zersitbad of an axis through
the pole, as do equatorially mounted telescopes. This ntbahshe fixed pointed
on the celestial sphere for such telescopes is the zengtead of the pole. As a
consequence of this stars in the field of the eyepiece rotatad the centre of the
field as the telescope follows the stars across the sky. lcethe of a double star this
will cause the companion to circle the primary star in thersewf the night.

An example of this field rotation, as it is called, is the bélQwion. In northern
latitudes, the three stars that form the belt stand velyigagien the constellation is
rising, but lie along the horizon when it is setting. In theibe@rn hemisphere the
orientation is reversed: lying when rising, standing wheitirsg.

The Parallactic Angle. In order to understand the problemeesl to know some-
thing about the astronomical triangle. The astronomicahgle is formed by three
points on the celestial sphere: the north celestial potezénith and the star being
observed. The angle that is of particular interest to us isefree angle subtended at
the star between the pole and the zenith, i.e. the anglegtatezenith. This angle
is known as the parallactic angle and is usually designagatidletter q. The par-
allactic angle increases as the hour angle increases. Wétan ia on the meridian
6 = 180 if it is on the equatorial side of the zenith, b@it= 0° if it is on the polar
side. The reverse is the case for an observer in the southerisphere.

The parallactic angle of a star changes in the course of g, ue to its diurnal
motion. Its value at any time, i.e. for any hour angle of tle,stan be found from

sin H

tanq= (tan @ cosd — sin d cosH)

where qis the parallactic angle, H is the hour angle of the &tia the declination
of the star and is the latitude of the observing site.
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23.8.1 The Position Angle

. As the zenith is the fixed point on the celestial sphere faaltazimuth mounted
telescope, position angles measurements made with sutésadpe would be re-
ferred to the zenith. Let us call position angle measureserade with respect to
the zenith, then, the zenithal position angle to distinigitifrom the position angle
made with respect to the pole.

The direction of the zenith in the field of view can be detemudiby the same
method that would be used to determine the direction of theeyibh an equatorially
mounted telescope, i.e. a star near the celestial equattoveed to drift across the
field of view, except in this case it must be also close to thadiz.

The position angle can be found by measuring it in the usugl aecept, of
course, that it is being measured with respect to the zehlitthat needs to be done
in addition is to note the time of the observation, so thajtllactic angle can be
determined. The parallactic angle is then subtracted frenzénithal position angle
to obtain the position angle with respect to the North Pote, i

0=6,—q
where® is the position anglé; is the zenithal position angle and q is the paral-
lactic angle.

23.8.2 Field Rotation

The continual changing of the parallactic angle is knownedd fiotation and it is the
main objection to measuring double stars with altazimutlunted telescopes. The
objection lies not so much in the fact that the orientatiotheffield is continually
changing, butin the rate at which it is changing. The ratesdd fiotation, therefore,
needs to be evaluated to determine the feasibility of beblg 80 measuring the
position angle accurately

The rate at which the parallactic angle is changing, i.eirteantaneous rate of
field rotation, can be found by differentiating the aboveatonn for the parallactic
angle. Hence,

dq _ 15cogq(tang cosd cosH- sind)
dH  (tanpcosd — sind cosH)
15(tang cosd cosH— sind)

~ SiPH + (tang cosd — sind cosH)2

The constant, 15, converts the rate to degrees per hour.edoad form of the
equation enables the rate of field rotation to be found with@ving to find the
parallactic angle.

Evaluating the derivative we find that the rate of field ratagpeaks when the star
crosses the meridian, i.e. when H = 0. Furthermore, the hihleestar’s culmination,



23.8 Observing Double Stars with an Altazimuth Mounted Jetpe 285

i.e. the smaller the difference betweérand ¢, the greater will be its rate of field
rotation when it crosses the meridian. The maximum rate lof fagation, therefore,

occurs when a star passes through the zenith. This implaghe worst time to

observe a double is when it is best placed for observing! €gusntly, there is a
spherical cap around the zenith in which the rates of fieldtiarh are too great to
enable accurate measurements to be made. The size of this leagest at lower

latitudes and smallest at higher latitudes, reducing to aéthe pole. Field rotation
rates close to the zenith can reach hundreds of degreesyreHuwever, such high
rates can only be sustained for very short periods (as tleeylglcan not rotate more
than 360in 24 hours) after which they reduce to low rates again.

Conversely, the rate of field rotation is zero when the stassgs the prime ver-
tical, i.e. when the star is due east and again when it is dwt. @bviously, only
stars with declinations that lie between the observelitul@de and the celestial equa-
tor will cross the prime vertical. Hence, the best times teaslie double stars, as
far as field rotation rates are concerned, are when the gtuiig the eastern and
western regions of the sky.

The average rate of field rotation is, not too surprisindig, tate of the Earth’s
rotation, namely 1%er hour. This is half the rate of 3@er hour at which the hour
hand of a clock turns. A rotation rate of 36@ould be a very high rate, yet it is the
rate at which the minute hand of a clock turns.

The problem, then, lies not in whether the rotation rate esgeeat to make a
position angle measurement, but in whether the observasioie timed with suffi-
cient accuracy, i.e. in recording the time when the compawias at that particular
zenithal positional angle. For a star with a field rotatiore raf 15, the time of the
zenithal position angle measurement would have to be made #xcuracy of 12
seconds; that is to say that the time will have to be notediwit® seconds of hav-
ing set the position angle on the micrometer if an accura®y dfis to be achieved.
This is because the zenithal position angle would haveedt@tl in 24 seconds
and consequently after 12 seconds the position angle willdager the next tenth
of a degree. In practice one would set the positional angletlaen note the time
before taking the positional angle reading.

The rate of field rotation that can be tolerated will dependrupow accurately
the observation can be timed. If it is done manually and werasghat the time can
be read off the clock within 10 seconds of making the positiogle setting then we
have an upper limit on the rate of field rotation of k&r hour. Field rotation rates
less than this is typically found in the eastern and westectians of the sky. If the
time is recorded electronically then much higher rates @tolerated and the 'no
go’ area around the zenith could be reduced considerably.

The highest rate of field rotation, in degrees per hour, thatte tolerated is just
180 divided by the number of seconds it takes to note the timeebtiservation,
or conversely, divide 180by the field rotation rate to determine the time limit.
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23.8.3 The Separation

. The separation can be made in the usual way. However, to thakgouble dis-
tance measurement set the fixed wires on the primary with ds&ipn angle wire
bisecting the primary and the companion. Then move the nideesire onto the
companion. Note the reading on the micrometer screw. Noatedhe microme-
ter right around so that the position angle wire again bgséoe primary and the
companion, but the moveable wire is on the opposite sidesgbtimary to the com-
panion. Then move the moveable wire back, across the prjrteatize companion
again. Note the new reading on the micrometer screw. Therdifice between the
two readings gives a measure of the double distance.

Ideally, the companion should be on the position angle wiiemthe separation
measurement is made, but due to field rotation it might haweethaway. The error
this would induce would depend on the separation. The esrustp(1 - cosAq),
wherep is the separation andq is the change in the parallactic angle. If, in the
time it took to move the moveable wire on to the companion,cthapanion had
moved two degrees it would induce an error 6{0D4 in a separation of Y0As two
degrees represents four minutes at a field rotation rate“@e3Mour field rotation
would not be a major the source of errors in the separation.

23.8.4 Errors

Measurements of double stars made with an altazimuth mduelescope are sub-
ject to the same errors as those made with an equatoriallyptedwne. However,
additional errors can be introduced in converting the bahiposition angle to the
position angle. The observer’s latitude and the equatoorrdinates of the star are
required to calculate the parallactic angle. The accuraeytich these are known
determines the accuracy to which the parallactic angle earalzulated and in turn
sets a limit on the accuracy of the position angle.

The errors in the parallactic angle would be negligible & #enithal position an-
gle was timed accurately and if the latitude could be deteechaccurately (perhaps
from an accurate survey map or a GPS). Furthermore, praceg® right ascen-
sion and declination of the star from the catalogue posstiwauld ensure accurate
values for the co-ordinates of the star.

The separation, of course, will not be affected by thesefacNeither will the
position angle if a mechanism that compensates for fieldiootéa field de-rotator,
as one manufacturer calls it) is fitted to the telescope. Mewsuch a compensat-
ing mechanism would, as it rotates, cause a right-angledieye holder to "fall
over”, placing the eyepiece at an awkward angle. This wouoldbe a problem if
a right-angle eyepiece holder was not used, such as whelngesiraight through
the telescope or using a camera.



23.8 Observing Double Stars with an Altazimuth Mounted Jetpe 287

23.8.5 Computer programs

The formulae presented here are implemented in a suite gbgmnprograms that
can be found on the Springer website. Some additional pregjeae included such
as calculating the visual aspect of a double star (Chaptand)the calibration of
the ring and filar micrometers (Chapters 12 and 15).






Chapter 24
Catalogues

Bob Argyle

24.1 General Catalogues

24.1.1 Northern hemisphere

The first catalogue of double stars is due to Christian Maydr7i79 and contains
80 entries. It was the work of Herschel and especially Stwike gave the whole
subject a respectability which was lacking. Struve’s 'Ménag Micrometricae’ (to
give the catalogue its shortened name) which appeared in, ¥&% a huge work in
more than one respect. (The original volume is cm x cm and heegiig at some xx
kg. The first 200 pages are also in Latin).

The next major catalogue did not come until 1906 when ShagbWesley Burn-
ham produced his 'A General Catalogue of Double Stars witRih degrees of the
North Pole’, published by The Carnegie Institute of Wastonglt contains 13,665
systems and is unique in that it includes all known refersieehe measures con-
tained within. It did, however, include some wide pairs Whigere not binary but
optical in nature.

In 1932, Robert Grant Aitken produced the 'New General @atia¢ of Double
Stars within 120 degrees of the North Pole’ with 17,180 estrit is usually known
as the ADS. The limits for inclusion were stricter than thoEBurnham so Aitken’s
catalogue contains more true binary systems.

24.1.2 Southern hemisphere

By this time RTA Innes was in South Africa, having been appeinDirector of
the Transvaal Observatory and then the Republic Obsegvatores, ably assisted
by W.H. van den Bos and W.S.Finsen started on a new surveyofdbld stars in
the southern skies. As no catalogue of southern doubleteexas this time, Innes
compiled the Southern Double Star catalogue in 1927 as aswédafentifying new

289
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Fig. 24.1 Julie Nicholas, formerly Librarian at the Institute of A@tiomy with copies of Struves’
first catalogue, the IDS (open on the desk) and the WDS (on OMR The latter could also
contain every measure ever made.

double stars during the subsequent searches. This coveredies —90 to —19 and
contained 7041 systems.

In 1910 R.P.Lamont a wealthy industrialist and friend of twuble star ob-
server W.J.Hussey (who was latterly Director of the Obderyaof the Univer-
sity of Michigan) had authorised plans for a large telesdop&ouble star obser-
vation. Hussey planned to install it at Bloemfontein in $oéfrica to continue
his own searches for new double stars. Tragically Husseyidi€926 en route to
South Africa but the project was taken over by R.A.Rossiteo stayed until 1952.
Rossiter then compiled the Catalogue of Southern Doubls Stasentially a list of
the pairs discovered by Rossiter and his assistants Domdelessup - more than
7,600 in the 24 years ending 1952.

24.1.3 All sky catalogues

The first all-sky catalogue of double stars did not appeal1®61. Itis printed in 2
volumes as Volume 21 of the Publications of Lick Observatorg its formal title is
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Fig. 24.2 These 5 observers were responsible for more than 10,000edstaty discoveries. Pic-
tured outside the Lamont-Hussey Observatory in Sept 1928.ao r.) H.K.Donner, W.S.Finsen,
R.A.Rossiter, W.H.van den Bos and M.K.Jessup

‘Index Catalogue of Visual Double Stars 1961.0'. It is dtile only printed version
of an all encompassing catalogue and is now likely to remaigigen that it runs
to 1400 pages of closely printed script. Edited by Hamilteffieis, Willem van den
Bos and Frances Greeby, the Index Catalogue of Double StaBsSowas issued
to include the large number of discoveries that had been raatiee Republic and
Lamont-Hussey Observatories in South Africa.

With the development of the Hipparcos project in the 1970was apparent
that with the very approximate positions (0.1 minutes ofetiim RA and 1 - 2 arc
minutes in Declination) and insufficient cross referenaesvben the IDS and other
catalogues - largely the Durchmusterungs, it would be addesastage when pro-
gramming the satellite to observe double and multiple systd his led Jean Dom-
manget, a member of the INCS (Input Catalogugue) consordindna well-known
double star researcher at the Royal Observatory in Brugsg@spose a new cat-
alogue - the CCDM (Catalogue of the Components of Double anliple Stars)
which would feature considerably better positions and pimetry for the stars in
the Hipparcos input catalogue (about 120,000) which weraknto be double or
multiple in question. More importantly it was necessaryiso &ll the components
of each system so that the new discoveries made by Hippaotidd be evaluated
more easily. The purpose of the CCDM is to be complementathygdVDS. It does
not aim to be all-inclusive but it does contain more detaitddrmation on a smaller
number of systems. In collaboration with Omer Nys, Jean Danget produced the
first version of CCDM in 1994 and a second version is in prejiamalt will contain
about 45,000 systems.

The current version of CCDM can be found via the CDS at Straghat
http://cdsweb.u-strasbg.fr/cgi-bin/Cat?1/211 and adflall the systems observed by
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the satellite which is essentially a subset of the CCDM cdobed at http://cdsweb.u-
strasbg.fr/cgi-bin/Cat?1/260.

The central data repository for visual double star datainoes to be kept at
the United States Naval Observatory. In the early 1960'ddte Charles Worley
received the Index Catalogue (in card form) from Lick Oba#wwy which had ap-
peared in 2 parts as described above. Copies of this catlgue rarely seen
except in the reference libraries of observatories so datdswal double stars was
not easy to obtain at this time.

Fig. 24.3 Dr. W.H. van den Bos looks on proudly as the President of thetSAfrican Council
for Scientific and Industrial Research, Dr. S. Meiring NayzEruses a copy of the IDS (1968).
(Copyright CSIR).

Worley, ably assisted by Geoffrey G. Douglass and otheentsine rest of his
working career bringing the Lick Catalogue up-to-date sTihieant, amongst other
tasks, converting the punch cards into computer files, timmhew measures and
discoveries on a regular basis and weeding out errors. Tt ref this was the
first electronic version of the Washington Double Star Gajaé, WDS 1996.0 - so
called because it represented the state of the data ardttive lbeginning of 1996.
It had grown to some 78,000 entries so producing a printed egs out of the
question. After Worley’s death the archive was taken ovebhyBrian D. Mason
who had done his research in the discipline of speckle iatenfietry at Georgia
State University.

The current catalogue contains the new pairs discoveredéeblipparcos satel-
lite and so offers double star observers a whole new set of paimeasure. Most
of these pairs have remained unobserved from the ground ivwist be noted that
many are very difficult and require both large apertures aatigeeing.

The WDS catalogue can be downloaded from the USNO site at
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http::/ad. usno. navy. m |/ wds

and at the time of writing (Mar 2011) itis 13.5 MByte in sizedagontains more than
113,000 entries. Itis also available in portions of 6 hoterivals in RA. Another file
contains useful notes on systems of interest. In additieretare two useful cross-
reference files, for Hipparcos v HDS numbers (Hipparcos Do@iars) and WDS
v ADS V BDS. Although the latter two reference numbers areadsipted in the
current WDS, the ADS is still used by orbit-computers. Thedagiven in a rather
compact form and so on first acquaintance it needs the use attompanying key
to decipher what the data columns mean. The main advantadge ohline WDS is
that it is not only obtainable by anyone (try finding a copyfué 1DS!) but it is a
dynamic database and is updated nightly!

For those not on the Internet then rgw WDS 2006.5 CD-ROM caahitained
directly from USNO (the name and address is in the Appenjliddthough this
includes the WDS catalogue, the 5th orbit catalogue and tdr@erferometric
Catalogue it cannot include the regular updates for whicmternet connection is
required.

Whilst the WDS catalogue is large, it is dwarfed by the Obatons Catalogue
which is also maintained by USNO but which is not generallgegsible. At the
time of writing (MaR 2011) this consisted of 920,263 mearestations of 113,000
pairs. Genuine requests for data need can be made usingjtiestéorm on the web
site. This is particularly useful for orbit determinatidies instance. Dr Mason has
written a very useful guide to the the WDS and associatedazatas which can be
found in Mason (2009). It is freely accessible on-line.

24.2 Interferometric data

On the USNO website there is also a separate database maéiallphservations
made by interferometric techniques whether it be speckiyrp-based arrays or
even the early Michelsen Interferometer observations aiiVilson. The com-
mon property is that the accuracy is extremely high and hiniideal source of
useful data for those who want to test the quality of thegdebpes. The author has
selected several hundred pairs from this list which show little motion and thus
can be used as a resolution test. The separations range feoto B arc seconds.
These lists can be found in Chapter xx.

Perhaps a more useful set of measures for those with a siesitope is those
made by the USNO Astrometry Department using a specklef@rtaneter on the
26.5-inch refractor at Washington. Since 1990 and agaireutfte direction of
Charles Worley, and more recently, Brian Mason, an extengiegramme of mea-
surement of brighter binaries has been undertaken and shéésdave appeared in
numerous papers in the Astronomical Journal and Astrophlsournal Supple-
ments.
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24.3 Double star nomenclature

Many observing guides tend to use the old catalogue nameésédnle stars some of
which use Greek letters, i.8for Burnham gfor Finsen and so on. This has nothing
to do with the Flamsteed letters sucha&quulei but the current nomenclature in
the Washington Double Star catalogue avoids such possibiplications and tends
to be favoured by the professional observers. In this schbmstar is referred to
by its J2000 coordinates. Thus as an example we can taker@asth is >1110
(2being the Struve catalogue) but appears in the WDS catalmg88F1110 where
the discoverer is denoted by one, two or three letters anlimgpGreek names
altogether. The WDS name for Castor is thus WDS07346+3153.

At the time of writing in the first edition (2004) a decisionrplace the current
WDS with an enhanced one to include not only visual doubles &tat spectroscopic
pairs and exoplanets has been made. A scheme based on a chddifie is being
prepared but it is not yet ready

In some cases the ADS (or Aitken Double Star catalogue nung&ill used but
this system is no longer supported by the WDS, partly becidirsgdudes only 20%
of all known pairs. References to the Burnham Double StaalGgtie (BDS) num-
bers are also occasionally to be found but again not in the V\HOBEmore details of
these catalogues see Chapter 24. The WDS website containssareference file
which allows checking between WDS, BDS and ADS.

The short list below can be used to cross-reference the mswmaénclature in
observing guides with the WDS system which is three lettacsdanumbers, with
blanks being significant, so if you wish to search the WDS fan®s 4 then you
need to look for the string DBRLOOO where eachl represents a blank.

Table 24.1 Some common double star discoverer designations

Discoverer Usually WDS

Aitken, R. G. A A0
Burnham, S, W. B BUO

Struve, F, G. W. z STF

Struve Appendix CataZl| STF

logue |

(with note) Struve Ap-Zli STF (with note)
pendix Catalogue Il

Struve, Otto ()2 STT

Pulkova Appendix Cata©Z > STT (with note)
logue

Finsen, W. 0] FIN

Dunlop, J. A DUN

Herschel, W. HI, Il etc HIO (with note)




Chapter 25
Publication of results

25.1 Introduction

Publishing observations of double stars is a natural caressze when an observer
feels confident enough in the quality of his or her measurasttiey it is time to
share them with the rest of the astronomical community. Aofogffort has gone
into this work so it is only fair that the observer should gaiedit for it. There is no
fixed formula which can be applied to decide whether measanesf publishable
quality or not. But recent lists of bright, close (0.5 to 2 aec) pairs (Worley et al)
are available so some comparison can be made to check on loalttgoagreement
is. Other factors to consider include whether a particukdr pas been observed
many times or virtually ignored since discovery. A reallycaate measure of a
bright, relatively fixed, overobserved pair is probably gotng to be as useful as
a less accurate measure of a pair which has been ignored@grelds or more. If
it turns out that the latter has significant motion then thik e the more useful
observation.

Measures can be published in several formats and in botegsiohal and ama-
teur journals but one thing cannot be overemphasized. lisslately vital that the
same measures are never published more than once. Thisaslyat pointless ex-
ercise but it can cause great confusion to the astronomeasullate all measures
of visual binary data for the Observations Catalogue at t88/0 in Washington.

The paper should contain details of the micrometer typeirtsieumental con-
stant and the magnification employed.

The format of any list should contain the following infornuat:

25.1.1 Identifier:

Currently the standard is the WDS format (see Chapter 243.i$halso includes the
J2000 position.
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25.1.2 Catalogue:
An alternative identification, not always necessary buait be useful when using

Star Atlases and catalogues such as Burnham, Webb'’s @él@bjects and the Sky
catalogue 2000.0.

25.1.3 Mean position angle:

This should be the mean value from the individual nightlyuesl. Quoted to 1 dec-
imal place. Avoid using angles greater than 360.0. This wasgue in Victorian
times.

25.1.4 No of PA measures:

The number of independent nights from which the mean is fdrmkis will usually
be the same as the number of nights used for the mean separatio

25.1.5 Mean separation:

In arc seconds, usually quoted to two decimal places - if iseover considers this
to be a fair reflection of the scatter in the individual measur

25.1.6 No of separation measures:

As for position angle. It may be for a highly inclined binary@re the change is
nearly all in separation that more measures in separatiardime a sensible ap-
proach.

25.1.7 Mean epoch:

This is much easier to work out if each individual night is eerted to a decimal
of a year in the observing log. A day is 0.0027 of a year so ngiiindon 2001 Jan
10, for example, is 2001.027. It is quite sufficient to userthiénight value for that
night and in fact mean epochs can be quoted to 2 decimal pfacesost small

telescope observations. See Appendix | for a ready table.
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25.1.8 Observer:

This will usually given at the head of the paper for a singléhau Usually a two
letter code is inserted at the end of each line in the date tilthe list contains
the measures of more than one observer. Those whose meamimesluded in the
WDS Observations Catalogue are given a three letter identifi the compilers.

25.1.9 Orbit residuals:

The differences (observed-computed) for both positiorileaagd separation from
the orbit for every epoch of observation. Include the autifdahe orbit and its date
of publication. Include other orbits if there is little to @bse between them. See
Chapter xx for sources of orbital elements.

The following data can be given depending on taste:
(i) Difference in magnitude: Usually estimated visuallyotd magnitude.
(ii) Standard error of position angle and separation. Qated from the individual
measures that make up the means.
(i) A note of whether the eyes were vertical to the wires (:parallel to the wires
(..) when the observations were made.
(iv) The quality of the night - transparency and seeing, fistance.






Chapter 26
Appendix Brief biographies

Bob Argyle

26.1 Andreas Alzner

After studying physics and astronomy in Bonn, Andreas cenepl a dissertation
in nuclear physics in 1985 and followed this with work in theotrical industry as
technical instructor for magnetic resonance imaging syst@here he remains.

His early interest in amateur astronomy from 1968 to 199isbed of obser-
vations with reflectors (4.5-inch, 6-inch, 8-inch, 14-ihemd refractors (5-inch, 6-
inch), but (he says) nothing scientific. He was interestedanble stars from the
beginning on but his telescopes were never good enough fasunement work.

His first really good telescope, a 14-inch Zeiss Newtoniaas acquired in 1992
followed in 1996 with a long-focus 13-inch Cassegrain. Sitlten he has made
several thousand measures with with filar and double imageomieters and has
also published a number of orbits in Astronomy and Astrofsyand the Circulars
of IAU Commission 26.

26.2 Rainer Anton

26.3 Graham Appleby

Graham Appleby spent his working life on various projecthatRoyal Greenwich
Observatory in Herstmonceux and at Cambridge until itsurlosn 1998. At that

time he transferred to the Natural Environment Researcm€bwhere he contin-
ues to work within the Space Geodesy Facility. He has a MagiiemBSc and an
Aston University PhD in Satellite Laser Ranging. Grahamlbag been interested
in the lunar occultation technique, having made a large rarmbvisual observa-
tions and carried out various scientific analyses. He isetiily involved in using

the SLR system to make high-speed photoelectric obsengtiboccultations for
double star and stellar diameter determination.
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26.4 Bob Argyle

His blinkered interest in double stars dates back to the@@tand a period at
the Royal Greenwich Observatory at Herstmonceux in 1970whgewas let loose
on the 28-inch refractor only made it worse. Occasional dhtba-short periods
of observing occurred until 1990 when the RGO moved to Cagleriand Bob
along with it. The availability of the 8-inch refractor ssfted a long-desired need
for regular observation which is still in progress todaybBetired from the Institute
of Astronomy in 2010, but he remains a member of CommissiofD2fible Stars)
of the International Astronomical Union and an Editor of $@bvatory’ magazine.
He is President of the Webb Society and has directed the Bdthalr Section since
1970.

26.5 Owen Brazell

As well as editing the Webb Society Deep-Sky Observer, Owetso the assistant
director of the British Astronomical Association’s DeeRySSection and a regu-
lar contributor to Astronomy Now. When observing, his prigninterests are in
the observation of planetary and diffuse nebulae — althaigte the acquisition
of a 20-inch Obsession telescope this has also moved tongegalaxy clusters.
His interest in astronomy was sparked by an attempt to seenatcwom his na-
tive Toronto. From early years, he kept up his interest inoastmy which culmi-
nated in a degree in astronomy from St Andrews Universitydotiand and taking
though not completing an MSc in Astrophysics. At that time atso gained an in-
terest in the northern lights. As with many astronomersjtigisho living there, he
moved into the oil business first in R&D and then as a compytstesns designer
(this explains his interest in the computer side of astroy)omespite this he still
uses Dobsonian-type telescopes ranging from a 4-inch @Gesdfup to the Obses-
sion. The recent plethora of fuzzy objects that move haswakaned an interest in
comets! His searches for dark skies have taken him from thentams of Canada
through Texas to the Florida Keys as well as to Wales - the gobd dark sky site
he has found so far in the UK.

26.6 Robert K. Buchheim

Bob Buchheim has been an avid amateur astronomer for ovee&.yHis par-
ticular joys are introducing children to the night sky, amt@uraging amateur as-
tronomers to participate in small-telescope researchept®j His book, "The Sky
Is Your Laboratory” is a manual for the research-orientedr astronomer. Mr.
Buchheim has been a visual observer, telescope maker, C@inasrist and pho-
tometrist. He has published deep sky observations, presgatpers at astronomy
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conferences, given presentations to amateur astrononmg,chnd published re-
search papers on asteroids, variable stars, and doubde l9&tis a Trustee of the
Orange County Astronomers (in southern California), a Boaember of the So-
ciety for Astronomical Sciences, and proprietor of the ilta Observatory (in his
backyard). In 2010 he was awarded the G. Bruce Blair awarddteworthy con-

tributions to amateur astronomy, by the Western AmateuroAsimers. His profes-
sional background is in engineering and manufacturing m@ment; in that role

has published a few technical papers in peer-reviewed @sirile received a BS
in Physics from Arizona State University, and is a gradufte®Defense Systems
Management College and the UCLA Executive Management progr

26.7 Rafael Caballero

26.8 Andreas Maurer

Andreas is a mechanical engineer and a lifelong astronomisiast. Since his re-
cent retirement, he is now able to concentrate on his astriamabinterests. Besides
activities related to the history of astronomy he is buitdims own telescopes and
is restlessly experimenting with home-made auxiliary pqent suitable for ama-
teur observations. Whenever nightly seeing conditiondareurable he observes
double stars from his home in Switzerland.

26.9 Michael Ropelewski

Mike Ropelewski is an active member of the British AstronoahiAssociation and
the Webb Society. His main interests are the study of auroaeets, double stars
and eclipses. His instrumentation includes 15 x 45 staguillsinoculars, a 102 mm
SCT and a 250 mm Newtonian reflector in its own observatorg9eo, the Webb
Society published his first book entitled ‘A Visual Atlas obDble Stars’. During
daylight hours Mike is a computer programmer/analyst byfggsion. Apart from
astronomy, he enjoys gardening, music, poetry and steduwases.

26.10 Christopher Taylor

Originally trained as a theoretical physicist, Christophaylor teaches mathemat-
ics and astronomy over a wide range of undergraduate coanskis tutor on the
University Department for Continuing Education’s longining astronomy evening
classes in Oxford. He is Director of the Hanwell Communitys®tvatory, a pub-
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lic educational venture set up in partnership with the Cafoepartment under the
Royal Society’s Millennium Awards Scheme. This will comtaine of the largest
telescopes in Britain wholly dedicated to public and edioca astronomy, as well
as other instruments from 4 to 30- inches aperture (0.1 -t available for am-
ateur research. Christopher Taylor has been an activevarsence 1966, for most
of that time using the same 12.5-inch (0.32-m.) reflectath wilong standing inter-
est in visual binaries which has become his main obsenaltfmursuit since 1992.
Motivated by the belief that the deepest satisfaction irfizal astronomy is to be
had from doing real science, other observational inteastiigh-resolution optical
work in general (including, e.g., planetary), optical spescopy and broadly any-
thing quantitatively measurable in the sky. For furtheomfation on the Hanwell
Observatory see http://www.hanwellobservatory.org.uk.

26.11 Tom Teague

Tom Teague is a Fellow of the Royal Astronomical Society amdeanber of the
Webb Society and the British Astronomical Association. lds tvritten articles for
Sky and Telescope, the Journal of the British Astronomicsgatiation and the
Webb Society Quarterly Journal, covering such topics adblgestar micrometry,
sunspot measurement and amateur spectroscopy.

26.12 Nils Turner

Nils Turner has been using speckle interferometry to olesbiwary stars on large
telescopes since 1990. Since 1996, he has used adaptieg topgtudy binary stars,
concentrating on the relative photometry as opposed todtineraetry. He is a mem-
ber of the American Astronomical Society. By day (and nigh€ works in the field
of optical/IR michelson interferometry. Outside of aswary, Nils enjoys Linux
programming, playing viola in a community orchestra, aygliand playing Ulti-
mate (frisbee).



