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ANAL YSIS OF HUBBLE SPACE TELESCOPE FINE GUID ANCE SENSOR
DATA IN TRANS MODE: AN OVER VIEW

Elliott P. Horch?

RESUMEN

El Sensorpara el Guiado Fino del TelescopioEspacial Hubble ha sido un instrumento muy productivo en el
campo de las estrellasbinarias. En estetrabajo el autor describe el instrumento brevemerte y discute el formato
de datos de las obsenacionesen modo TRANS. Este modo esempleadopara la realizacion de obsenaciones
conducertes a la obtencion de la astrometr a relativa de estrellas binarias con baja separacon angular. Los
procedimiertos de analisis de datos t picamerte usadosson discutidos aqu y seintroduce ademas una nueva
tecnicapara la determinacion de los coloresde las componertes de estrellas binarias, basadaen el analisis de
Fourier.

ABSTRACT

The Fine Guidance Sensor(FGS) system on the Hubble SpaceTelescog (HST) has beenan extremely pro-
ductive instrument for binary star astronomy. This paper will briey describe the instrument and discussthe
data format for TRANS mode obsenations, which is usedfor relative astrometry obsenations of closebinary
stars. The data analysis proceduresthat are typically usedwill be covered, and a new Fourier-basedtechnique
that may be capable of determining componert colors of binaries in certain situations will be intro duced.
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1. INTR ODUCTION

As the name implies, one important function of
the Fine Guidance Sensorson the Hubble SpaceTele-
scope is to help retain precision pointing on a target
while one of the other instruments on board is col-
lecting data. The telescoge is equipped with three
FGS systemsthat collect light o of the main eld
of view of the scienceinstrument cluster. The FGSs
can direct light within an annulus of inner radius
approximately 10 arc minutes and outer radius of
approximately 14 arc minutes from the optical axis
to photomultiplier detectors for collection.

One of the three FGSs, known as FGS1r, is also
available for scienceobsenations and hassubstartial
capabilities in the areaof high-resolution astrometry.
There are two modesof sciencedata collection: POS,
or position mode, and TRANS, or transfer mode. In
the former case, positions of multiple objects that
appearwithin the instrument eld of view canbe de-
termined to high precision. In the latter case,data
collection consistsof determining the transfer func-
tion obtained on a single target to high precision,
and then object features are deducedfrom the de-
tailed shape of that function. This paper will focus
only on TRANS mode obsenations.

TRANS mode obsenations aretypically takenon
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binary stars or stars suspectedof binarity. This is be-
causetwo orthogonal transfer functions are obtained
by FGS, with ead transfer function represerting a
1-dimensional scan acrossthe target. The double
point sourceis simple enough to permit a unique
two-dimensional solution to the image morphology.
FGS hasa unique combination of capabilities for bi-
nary star astronomy: separationsassmall as10to 15
milliarcseconds (mas) can be measured(depending
on system magnitude), systemswith magnitude as
faint as 16 can be obsened successfully and magni-
tude di erences up to 5 betweenthe primary and sec-
ondary star canbe detected. Although ground-based
high-resolution imaging techniques suc as spedle
imaging, adaptive optics, and long baseline opti-
cal interferometry share some of these capabilities,
FGS remains unparalleled in achieving this impres-
sive combination of resolution, dynamic range, and
detection limit simultaneously.

These capabilities have been used to great ef-
fect by a number of investigatorsin the last decade.
Henry et al. (1999) have useda combination of FGS
data and ground-baseddata to revise and substan-
tially improve our knowledge of the lower portion of
the mass-luminosity relation for nearby stars. Franz
and his collaborators have studied the duplicity frac-
tion in the Hyades (Franz et al. 1992), and pro-
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Fig. 1. The wavefront division accomplished by the
Koesters Prism in the Fine Guidance Sensorsystem.

ducedan extremely high-precisionorbit of Wolf 1062
(Franz et al. 1998). In the latter work, the authors
derived a mass estimate for the primary that had
approximately 6% uncertainty. The primary cortri-

bution to this uncertainty came from the parallax
value (where the Hipparcos parallax was used); if
the parallax is measuredwith the meansof upcom-
ing spaceastrometry missionssuch as SIM or Gaia,
a 1% masscould easily be achieved. Other represen-
tativ e highlights of TRANS mode FGS data analysis
include orbits of Wolf 424 (Torreset al. 1999), obser-
vations of pre-main sequencestars (Bernacca et al.
1993), an analysisof serendipitousbinary discoveries
from guide stars (Schneider, Hershey& Wenz 1998),
a negative result on a metal-poor star suspected of
binarity (Osborn & Hershey 1999), and recert re-
sults on M and L dwarfs (Golimowski et al. 2004)
and OB systems(Nelan et al. 2004a).

2. BASIC INSTRUMENT DESIGN

Each of the three FGSson board HST is a two-
axis Koestersinterferometer system. The basic de-
sign of a Koesters interferometer is shaovn in Fig-
ure 1. Each axis contains a Koesters prism, which
consists of two 30 -60 -90 triangular prisms ce-
mented together along the long leg of the triangle
to form an isoscelesprism where the interface bi-
sectsone face of the prism. The incoming wavefront
is directed toward the face cortaining the interface,
splitting the wavefront into two pieces. The light
is then totally and internally re ected o the badk
faces of the prism, and directed toward the inter-
face. At corntact with the interface, the light from

a given half of the prism is partially re ected and
partially transmitted. Becauseof the symmetry of
the prism, the re ected beam from one half of the
prism is then combined with the transmitted por-
tion of the beam from the other half of the prism,
and vice versa. The result is that thesebeamstravel
together through focusingoptics to a photomultiplier
tube (PMT), where they interfere. Each prism has
two exit arms, and therefore two PMTSs, referred to
as\A" and\B."

If the incoming wavefront is parallel to the en-
trance face of the Koesters prism, then the same
phasedi erence betweenthe exit beamsin both arms
of the interferometer are reached, and that condition
is intermediate between total constructive interfer-
enceand total destructive interference. This arises
due to the induced phaseshift in the portion of the
beam re ected from the certral interface compared
to the portion of the beam transmitted through the
interface. For such a wavefront, the signal obtained
from the PMTs assaiated with ead exit arm are in
theory equal. However, if the incoming wavefrort is
not parallel to the ertrance face of the prism, then
as the beam in one exit arm of the interface comes
closerto the condition of destructiveinterference,the
other arm will come closerto constructive interfer-
ence,thus generating a di erence in signal between
the photomultipliers. Much more information con-
cerning the optical characteristics and performance
are available in Nelan et al. (2004b) and Nelan &
Makidon (2004).

The FGSs are equipped with only wide lters,
and indeed the scienceFGS (FGS1r) has only one
Iter option narrower than 100 nm. Therefore, the
FGSs are e ectiv ely \white light" interferometers,
and interference fringes wash out quickly as the in-
coming wavefront angle deviates from zero relative
to the input face of the Koestersprism. Also, color
measuremets of any precision are not possible us-
ing standard photometric techniqueswith the lters
available.

3. STANDARD TRANS MODE DATA ANALYSIS
3.1 Data Format

The raw data of FGS obsenations is a sequence
of photons detected as a function of time on ead
axis of the instrument, hereafterx andy. The lower
the number of counts, the closer the wavefront is
to atilt that givesrise to destructive interference,
and the higher the number of courts, the closerthe
wavefront is to a tilt that givesrise to constructive
interference. The object is translated acrossa du-
cial position within the eld of view to generatea
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Fig. 2. Cross-correlated, co-addedscansof the single star
HIP 3430.

range of e ectiv e wavefront tilts sothat the separa-
tion betweenead samplepoint corresppndsto nom-
inally 1 mas in position. These data arrive to the
userasa FITS le that storesthe samplesin a two-
dimensionalarray that is7 N samplesin size,where
N is the number of time samplesin the obsenation.
The 7 \rows" then give the PMT A and B counts in
the x direction (rows 1 and 2), the PMT A and B
courts in the y direction (rows 3 and 4), and three
rows of calibration information.

3.2 Co-Addition of Sans and Template Fitting

From the raw scans, one typically forms the
transfer function, T, also known as the \S-curve,"
by computing the following:

A B

~ A+B’ @)

where A represeits the number of courts received by

PMT A and B represetts the number of counts in
PMT B.

The standard FGS le contains dozensof bad-
and-forth scansacrossthe target. The data stream
is divided into individual scans,the samplepoints of
every other scanare reversedto the standard orien-
tation, and then thesescansmust be cross-correlated
and co-added. An exampleof a co-added nal prod-
uct is shawvn in Figure 2.

After co-addition of scans,the standard analysis
proceedswith a least-squarest to a template bi-
nary star created from two single star transfer func-
tions that are formed from a library of calibration
objects. The existing library contains only a limited
number of single star scansand covers only two |-
ters, F583W and ND5.0. For the F583W lter, there
are six single stars that spana color rangeof BV

= 0.0to 1.9, and for ND5.0, there are v e objects
that spanthe range-0.3to 1.3.

This illustrates a signi cant problem in retriev-
ing the best possibleastrophysicswith the FGS sys-
tem, namely, the variability of the transfer function
with color. It is also known that the transfer func-
tion varies in time, meaning that systematic errors
are almost always the limiting factor in terms of the
photometric, and to a lesserextend the astrometric
information obtained, especially for objects obsened
near the limit of the FGS capabilities.

4. A NEW FOURIER-BASED APPROACH

Hershey(1992) developed a Fourier-basedreduc-
tion method for FGS data. The basis of this ap-
proach is that the transfer function follows the con-
volution relationship. For ead point sourcescanned,
a copy of the transfer function is obtained certered
on the location of the source. The transfer func-
tion therefore represerts a point spread function,
albeit an uncorventional one, and decorvolution is
straight-forward.

A variation on this method hasbeenrecertly de-
veloped, speci cally to addressthe color calibration
issuementioned above. The goal is to obtain color
information of the componerts of binary stars ob-
sened with FGS without recourseto template t-
ting. This is possiblein principle becausethe width
of the S-curwe is color dependen; that is, the sepa-
ration between interference maxima and minima is
determined by color. If the stars are well-separated,
this width can in principle be measuredwith the
standard analysistechnique, but for the generalcase
of blended S-curves, the signature is more clearly
seenin the spatial frequency power spectrum of the
S-curve. After decorvolution in the Fourier plane,
the signature of binarity is a fringe pattern, but if
the primary and secondaryhave di erent colors, the
fringes tend to wash out at higher spatial frequen-
cies. Figure 3 illustrates this point, where the power
spectrum of simulated FGS data of a binary with a
substartial color di erence betweenthe componerts
is shonvn. The fringes begin to die away before sig-
nal is lost at higher spatial frequencies. This fringe
washout is reasonablywell approximated by an en-
velope that has the form related to a Butterw orth
function in the frequency domain, namely

1 .
1+ (u o8’
where ¢ is a color index factor, which increaseswith

color di erence betweenthe componerts. The enve-
lope function is then given by

B(u) = )
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Fig. 3. Simulation results for an AOV primary and MOV
secondary The spatial frequency power spectrum is
shown after decorvolution by a point source. Becauseof
the color dierence, the fringe pattern indicating bina-
rity washesout at higher spatial frequenciesin a manner
well-approximated by the Butterw orth envelope shown
by the dashedline.
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Fig. 4. Linear t to the Butterw orth width parameter
squared,in the BV color di erence range of 0.3to 1.8.

E(u)= 1 B(u):—j; 3)

where |, and |, are the intensities of the primary
and secondary respectively.

The above function can be incorporated into a
schemewhich ts the fringesfor separation, intensity
ratio, and color di erence. When combined with the

second FGS axis data, position angle information
can also be obtained. Although the method is very
preliminary, it appearsto work well at determining
color di erences of componerts of simulated FGS
data. In simultaneous tting, not only the standard
binary parametersare obtained with good precision,
but the color di erence appearsto belinearly related
to the squareof the color index parameter, c, men-
tioned above. This result is shavn in Figure 4 for
an AQV primary and secondariesof di erent colors,
ranging from AOV to M6V.
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