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ABSTRACT

A coronagraph in conjunction with adaptive optics provides an effective means to image faint companions of
nearby stars from the ground. The images from such a system are complex, however, and need to be fully charac-
terized and understood before planets or disks can be detected against the glare from the host star. Using data from the
Lyot Project coronagraph, we investigate the difficulties of astrometric measurements in diffraction-limited coro-
nagraphic images and consider the principal problem of determining the precise location of the occulted star. We
demonstrate how the image structure varies when the star is decentered from the optical axis and show how even
small offsets (0.05k/D or 5 mas) give rise to false sources in the image. We consider methods of determining the star
position from centroiding, instrument feedback, and analysis of point-spread function symmetry and conclude that
internal metrology is the most effective technique.

Subject headinggs: astrometry — instrumentation: adaptive optics — methods: data analysis —
planetary systems — techniques: high angular resolution — techniques: image processing

Online material: color figures

1. INTRODUCTION

Since the first discoveries of extrasolar planets a decade ago
(Mayor & Queloz 1995; Marcy & Butler 1996), there have been
increasing efforts to image planets orbiting nearby stars. The main
obstacle to achieving this aim is the scattered light from the parent
star, which renders any adjacent planet invisible to conventional im-
aging instruments. Adaptive optics (AO) coronagraphy (Nakajima
1994; Sivaramakrishnan et al. 2001) attempts to circumvent this

problem by using a high-order AO system to control the wave
front and concentrate the starlight into a diffraction-limited core,
and then use a coronagraph to suppress diffracted light from the
field of interest surrounding the star. In this way large flux con-
trast ratios (or dynamic ranges) are attainable, enabling the detec-
tion of faint objects such as brown dwarfs, disks, and exoplanets
orbiting the target star.
Recent results from the Lyot Project5 (Oppenheimer et al.

2004) have demonstrated that high dynamic ranges at close sep-
arations are achievable with current AO coronagraphy (Hinkley
et al. 2006). The contrasts attained are sufficient to put large hot
Jovian planets within direct detection limits today, providing
present AO coronagraphs with the potential to yield exciting

5 See http://www.lyot.org.
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discoveries of faint companions. These instruments are also val-
uable test beds for understanding the issues faced by future, even
more ambitious experiments, such as the Terrestrial Planet Finder
(Stapelfeldt et al. 2005) and ‘‘extreme’’ AO systems on large
ground-based telescopes (e.g., Macintosh et al. 2004).

An important aspect of these studies is the astrometry of co-
ronagraphic images. Precise measurements of the position of a
putative companion relative to its host star are crucial in estab-
lishing physical association and in determining its orbital char-
acteristics. Knowledge of the exact location of the star in the
image is also important for reduction and analysis purposes.
Over a long exposure objects are ‘‘smeared’’ by slow drifts in the
AO system, differential refraction, and field rotation, and the im-
age is further complicated by the presence and randommotion of
speckles (x 2). These time-dependent effects, combined with the
dynamic range limit of the detector, prevent long integration
times and require many short exposures to be summed to provide
a deep image. These single frames, with integration times of
�10Y20 s in Lyot Project observations, need to be registered to
each other before they can be summed. However, this registra-
tion is not easy in the presence of field rotation and motion in
narrow-field images where there is often no object to use as a
reference point other than the target star itself.

Furthermore, in coronagraphic images the star is occulted, so
its location cannot be determined in a straightforward manner. In
addition,AO coronagraphic images have highly complicated point-
spread functions (PSFs), and so the important task of measuring
astrometry becomes a considerable challenge.

2. SIMULATED AND OBSERVED
AO CORONAGRAPHIC IMAGES

The theoretical PSF of an AO telescope with an annular aper-
ture and without a coronagraph exhibits a clean diffraction pattern
with unbroken Airy rings visible to large radii. In the absence of
wave front aberrations the position of the star is therefore aligned
with the center of the symmetric PSF, and this symmetry is pre-
served when a perfect coronagraph is introduced to the beam

path. This is not the case in observed images, however, which
suffer aberrations that distort the ideal PSF. The presence of tilt in
the wave front, for example, leads to the appearance of ‘‘fake
sources’’ in the image, which results in the star position not cor-
responding to the image plane peak intensity. This is predicted
by Lloyd & Sivaramakrishnan (2005) and confirmed by the re-
sults presented in this paper.

Observed AO images are also dominated by speckles: con-
structive interferences of uncorrected components of the stellar
wave front arising from optical imperfections and atmospheric
variability. These PSF fluctuations dominate photon noise and,
owing to their source from atmospheric fluctuations and fixed
and moving optics, create a variable background halo that sig-
nificantly limits the potential dynamic range of the image (Racine
et al. 1999; Bloemhof et al. 2001; Aime & Soummer 2004). The
image is further distorted by first-order speckles that are ‘‘pinned’’
to the inner Airy rings and, due to antisymmetry, have correspond-
ing ‘‘dark’’ speckles at the opposite point of the ring (Bloemhof
et al. 2001; Sivaramakrishnan et al. 2002; Bloemhof 2003; Perrin
et al. 2003b). These antisymmetric pinned speckles may also be
misinterpreted as real astronomical sources in coronagraphic
data (Bloemhof 2004).

Recent simulations of AO coronagraphic images attempt to in-
corporate these imperfections by assuming an imperfectly cor-
rected wave front and by modeling the true PSF as a halo of
speckles around a diffraction-limited core (Perrin et al. 2003b).
Further wave front errors such as the ‘‘waffle mode’’ of the AO
system are also added (Makidon et al. 2005), resulting in a pre-
diction that can resemble the observed image more closely than
simple idealized simulations.

A result of uncorrected wave front aberrations and speckles is
that the intensity center of the Airy pattern will not correspond to
the star position in the image. Determining the occulted star po-
sition in coronagraphic images is important, yet despite the ac-
curacy of the simulations, they do not consistently match the
observations accurately enough for this purpose. Although some
wave front errors are included in the simulations, it is difficult to

Fig. 1.—Simulated (left) and observed (right) PSFs of the Lyot Project coronagraph on the AEOS telescope. Note the presence of pinned speckles in the observed data
and the ‘‘spider’’ cross pattern caused by diffraction from the telescope secondary mirror support structure (not included in the simulation). In both images the circle
represents the locus of the coronagraphic spot, and the intensity scale is logarithmic.
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incorporate into the models the highly variable AO correction
and the complex optical imperfections of the telescope and in-
strument. The approximation of the PSF as a diffraction-limited
core plus a speckle halo provides further discrepancies between
the simulated and real images, as do other unpredictable effects
such as diffracted light from the telescope spiders appearing due
to small optical misalignments (Fig. 1). These unmodeled com-
ponents all add unknown distortions to the symmetry of the image
and therefore contribute to the spatial discrepancy between the
actual star position and the estimated intensity centroid. Image
asymmetries also arise from astronomical sources in the field:
light from circumstellar disks, companions (both seen and un-
seen), and background objects may provide further inseparable
complications to the image structure.

The final coronagraphic image is therefore affected by many
uncertainties arising from optical imperfections, atmospheric
variability and true sources adjacent to the star. These all result in
a departure from a perfectly symmetric image andmake determi-
nation of the occulted target star position difficult, even with so-
phisticated simulations. This problemmust therefore be addressed
empirically as well as theoretically, and given the importance of
accurate astrometry in searching for disks and companions, it is

an issue that is significant for not only the current but also the
next generation of coronagraphs.

3. THE LYOT PROJECT

The Lyot Project is an experiment aimed at the direct imaging
of faint companions and disks around nearby stars. It features a
diffraction-limited, optimized Lyot coronagraph (Lyot 1939)
used in conjunction with the ‘‘Kermit’’ infrared camera (Perrin
et al. 2003a). It is deployed at the 3.63 m Advanced Electro-
Optical System (AEOS) telescope on Haleakala at the Maui
Space Surveillance System. The project utilizes the 941-actuator
AO system on AEOS (Roberts & Neyman 2002), one of the
highest order AO systems in operation. The coronagraph (Fig. 2)
includes a number of novel capabilities, such as active pupil
alignment and simultaneous dual-band imaging, and also fea-
tures a high-speed tip-tilt loop to compensate for image motion.
A full description of the coronagraph can be found in Oppen-
heimer et al. (2004), but here we summarize the design of the tip-
tilt control loop, which is of particular relevance to this study.
The first stage of the tip-tilt loop (Fig. 3) is a fast steering

mirror (FSM) that maintains star alignment with the occulting
spot, which is a hole in the focal plane mask (FPM) mirror. Four

Fig. 2.—Ray-trace diagram of Lyot Project coronagraph. The FSM and lenslets form part of the tip-tilt loop described in the text.
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lenslets situated on a fiber head behind the occulting stop feed
star light passing through the mask hole to photon counting
modules (avalanche photodiodes, or APDs) connected to the tip-
tilt computer. This computer determines the position of the star
relative to the occulting spot from the centroid of the counts and
adjusts the alignment accordingly by altering the angle of the FSM.
This whole process operates at high speeds, with update rates of up
to 1 kHz. The beam can be driven to any position within the focal
plane hole by moving the lenslets, which are mounted on an xy
motorized stage parallel to the mask plane. In principle the
lenslet motor positions can therefore be used to infer the position
of the occulted star relative to the mask hole (x 5.1).

4. CORONAGRAPHIC PSF AS A FUNCTION OF TILT

4.1. Method

The Lyot Project coronagraph and camera provideH-band im-
ageswith Strehl ratios of up to 85%and very high dynamic ranges.
These images form an ideal basis with which to compare coro-
nagraphic theory and simulations with real observations. During
each observing run images of binary stars are taken for instru-
ment calibration purposes; these are also useful for studying as-
trometry in coronagraphic images. The data used in this paper are
from observations of the binary stars HIP 62886 and HIP 25813,
taken at epochs 2005.060 and 2005.065, respectively. Table 1
gives the discovery designation and Tychomagnitudes (Fabricius
& Makarov 2000) of these stars, as well as the separations and
position angles of the binary components at the epoch of obser-
vation, as calculated from their orbits. The orbits of HIP 25813

and HIP 62886 are given by Seymour & Hartkopf (1999) and
Heintz (1997), respectively.

To investigate the PSF structure as a function of the position of
the star behind the occulting mask, the primary star of the binary
system was placed behind the spot with the coronagraph tip-tilt
loop activated, and about 50 exposures were taken with the star in
different positions behind the mask. The star was moved by al-
tering the position of the tip-tilt loop lenslets by�20 �m at a time,
which corresponds to �1.5 pixels in the image (the pixel scale is
�13.5 mas pixel�1). In this way the star was decentered by up to
�230 mas or�2.5k /D from the spot center (where k is the wave-
length of observation and D is the diameter of the telescope pri-
marymirror); a substantial area of the occultingmaskwas therefore
explored. The occulting spot diameter was 450 �m (5.3k/D at
1.65 �m H-band wavelength), and the Lyot stop had a clear
annulus between radii of 0.644 and 1.407 m, as projected onto the
3.63 m primary telescope mirror. This corresponds to a Lyot stop
tuning parameter (Sivaramakrishnan et al. 2001) of F ¼ 0:6,
whereF defines the fractional radial undersizing of the Lyot stop.

Fig. 3.—Schematic diagram of the coronagraph tip-tilt loop. Four lenslets are mounted on a fiber head behind the hole in the focal plane mask, which serves as the
coronagraphic occulting spot. Star light passing through this hole reaches the lenslets, and the photons incident on each lenslet are counted byAPDs, which pass the counts
to the tip-tilt computer. The computer calculates the star center from the count signal to determine the location of the star with respect to the focal plane hole and then drives
the FSM to keep the beam centered on the hole. The whole tip-tilt loop operates at a frequency of up to 1 kHz.

TABLE 1

Binary Calibration Stars

Name/Designation VT (A) VT (B)

�

(arcsec)

�

(deg)

HIP 25813/STF 1687 AB...... 4.47 5.79 1.22 45.4

HIP 62886/STF 728............... 5.17 7.17 1.04 190.0
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The exact location of the occulted primary star was inferred
from its unocculted binary companion as follows. A series of
unocculted images of the binary system was taken (Fig. 4), and
the position of the two stars in each image was found from PSF
fitting using the IRAFDAOPHOT package (Stetson 1987, 1992).
The determination of stellar positions in AO images is fraught
with difficulties (see, e.g., Anderson&King 2000;Mighell 2005),
and so other deconvolution techniques of determining the precise
star position were considered (see discussions in Christou et al.
2004; Véran & Durand 2000). However, these methods were
found to be not suitable for our large and sparsely populated stel-
lar images. Furthermore, alternative techniques produced es-
sentially identical positions at the level of accuracy required in
this study. Star positions determined by DAOPHOT PSF fitting
differ from those calculated from the centroids of best-fitting
Gaussian functions by a mean of less than 0.1 pixels (�1.5 mas),
which is negligible compared to other sources of error (x 5.1.1).

Using DAOPHOT, a mean PSF was determined from unoc-
culted observations of a known single star taken prior to the binary
exposures. This empirical PSF was then fitted to the unocculted
binary images by an iterative least-squares method to yield x- and
y-coordinates for each binary star, and the vector between them
was calculated. Since the Lyot Project coronagraph is at a coudé
focus of an Alt-Az telescope, the secondary-primary vector was
derotated to a reference frame in which north is aligned with the
image y-axis and east with the negative x-axis. The mean dero-
tated vector from the secondary star to the primary was then
calculated from all of the unocculted binary system images.With
this a priori information of the vector of the primary star from the
secondary, the location of the primary in any occulted image
could then be deduced from the position of its companion, as-
suming a uniform plate scale across the field of view. This as-
sumption is acceptable for this study, since distortions arising
from spatial irregularities in the infrared camera array structure
and from the camera and coronagraph optics are predicted to be
less than 2 �m (1.5 mas), even at large separations (>2B7). The
distortions from the AEOS telescope are 60 mas over a 3600 field
of view and so will be on the order of a few milliarcseconds over

the field angles of the data used in this study. The expected total
field distortion is therefore small compared with other sources of
astrometric error (x 5.1.1).

4.2. Results

The changes in the image structure arising as a result of the
occulted star beingmoved with respect to the coronagraphic spot
are demonstrated qualitatively in Figure 5. The circle denotes the
estimated locus of the 5.3k/D (450 mas) diameter occulting spot,
predicted from a flat-field image, and the dot shows the location
of the occulted star estimated from the binary companion by the
method described in x 4.1. Light leaks into the image region
occulted by the coronagraphic mask due to diffraction and ap-
pears in the images as Airy rings with either a bright or dark cen-
tral spot. A ‘‘ghostly PSF’’ is predicted to form on-axis as a result
of second-order tilt and first-order defocus effects (Lloyd &
Sivaramakrishnan 2005; Sivaramakrishnan et al. 2005), and this
combines with the PSF of the star to produce the complex
structure seen in Figure 5.

4.2.1. Fake Sources

It is noticeable that the star location does not always coincide
with the intensity peak inside the occulting spot, and particularly
significant are the fake sources that appear at the edge of the spot
toward which the star is moved. These sources are predicted in
Lloyd & Sivaramakrishnan (2005) and are expected to appear at
large tilts, when the star is less than one diffraction element (1k /D)
from the edge of the spot. Our data, however, show that they are
prominent even when the star is decentered by small amounts
( less than 0.5k /D from the spot center, or more than 2.0k /D from
the spot edge).
The formation of the fake sources with increasing tilt is dem-

onstrated quantitatively in Figure 6, which shows the image and
corresponding radial profile counts when the star is moved from
the x-center of the spot toward the edge. While the flux inside the
mask domain remains approximately constant, the source just
outside the spot boundary grows brighter as the star approaches.
Themagnitude of the sources may be exaggerated by aberrations

Fig. 4.—Unocculted (left) and occulted (right) images of the binary star HIP 25813, with the circle denoting the location of the coronagraphic spot. Unocculted images
showing both components of the binary systems are used to infer the location of the hidden star in occulted images, as described in the text. [See the electronic edition of the
Journal for a color version of this figure.]
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other than tilt, or by errors in the estimated mask and star posi-
tions, but the appearance of the fake sources predicted in Lloyd
& Sivaramakrishnan (2005) is nevertheless confirmed by these
data. There is also little doubt that even small changes in the po-
sition of the star behind the mask result in significant variations
of the PSF structure.

The relative ‘‘roundness’’ of the focal mask hole is also relevant
to PSF structure, since light scattered from machining imperfec-
tions in the mask perimeter may appear in the image. With a pixel
scale of 13.5 mas and a plate scale at the focal plane mask of
0.940 mas �m�1, such features must be certainly be no larger than
�12�m in the Lyot Project coronagraph if they are not to adversely
affect the image. Initial micrographs indicate that the mask defects
are smaller than this, but the exact size at which coronagraphic
spot irregularities significantly degrade the image will be inves-
tigated with further high-resolution microscopy in a future study.

Interpolation of the line profiles shown in Figure 6 suggests
that the fake sources become brighter than the light in the spot in-
terior when the star is decentered by more than approximately
5 mas, or �0.05k/D. More data are needed in order to accurately
quantify this value, and this will be pursued with future calibra-
tion observations. The data presented here nevertheless indicate
that the star must be positioned to within subpixel precision of
the occulting spot center if false sources are not to significantly
contaminate the field immediately adjacent to the spot. This is
expected to be possible with the Lyot Project coronagraph, since

the tip-tilt loop lenslet motors provide a repeatable positioning
accuracy of better than 1

3
pixels (4.5 mas) (x 5.1.1), and the loop

maintains the stability of the star position to 1 mas. This stability
is a long-exposure rms sky value and is equivalently 30�as in the
laboratory.

That the fake sources are prominent even at small decenter-
ings reinforces earlier warnings (Krist et al. 1998; Lloyd & Si-
varamakrishnan 2005) that care must be taken in high-Strehl
coronagraphy not to misinterpret structure close to the spot and
to ensure that the fake sources are not mistaken for real ones. This
is particularly important in instances when the star is deliberately
moved from the spot center, in order to expose a very close com-
panion, or when atmospheric refraction effects (x 5.1.2) are large,
for example. Lower sensitivity to tilt (and other aberrations) can be
achieved through the use of novel coronagraph designs rather than
the classical Lyot coronagraphwith hard-edged occulting stop used
here. Such designs employ features such as pupil apodization
(Aime et al. 2002; Soummer 2005) and band-limited (Kuchner
& Traub 2002) or ‘‘eighth-order’’ (Kuchner et al. 2005; Shaklan
& Green 2005) focal plane masks. Despite this, careful charac-
terization and modeling of the PSF at different tilts are necessary
irrespective of coronagraphic design, in order not to confuse
light leaking around the occulting spot with real astronomical
sources. In addition, care must be taken to ensure that antisym-
metric pinned speckles are not falsely interpreted as companions
in coronagraphic data (Bloemhof 2004).

Fig. 5.—Changes in the coronagraphic image as a function of the star position (dot) behind the occulting spot (circle). The position of the occulted star is inferred from
the binary companion, and the spot locus is estimated from a flat-field image. The (x, y) star offsets from the center of the 450mas diameter spot are (clockwise from top left,
in mas) (�51.2, 1.3), (�1.0, 56.9), (30.3,�6.3), (�49.6,�39.4). The fake sources appearing at the edge of the spot when the star is decentered are clearly visible in these
images. The intensity scale is logarithmic. [See the electronic edition of the Journal for a color version of this figure.]
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4.2.2. Intensity Centroid

It is clear even from visual inspection of Figure 5 that the star
does not lie at the intensity center of these highly complex images.
In order to confirm this, the star position determined from the bi-
nary companionwas comparedwith the intensity centroid of the im-
ages ofHIP 62886 (Fig. 7). The intensity centroidwas calculated by

�x; �y
� �

¼ 1

Itotal

X
j

X
i

Ii j xi;
X
j

X
i

Ii j yj

 !
; ð1Þ

where Iij is the intensity of the pixel with coordinates (xi, yj) and
Itotal is the total summed intensity. In order to avoid contamina-
tion from the companion, only the central 100 ; 100 pixel region
of the image was included in this calculation. The positions of
the centroid and the binary star for each image were found to be
significantly different, with a median discrepancy in x and y of 74
and 11 mas, respectively (74 mas resultant in both coordinates),
for a subimage centered on the occulting spot center.

Figure 7 shows that there is significant discrepancy between
the intensity centroid of the image center and the true star posi-
tion assumed from the binary companion. Furthermore, the de-
rived centroid location is sensitive to the image subregion used,
due to the variability of the speckles and telescope spider bright-
ness over the spatial extent of the image. In the absence of sky
and readout noise the entire image should ideally be included in

this calculation, but this is not possible since the centroid derived
from a subregion containing the binary companion (or any other
source) would bemeasured frommultiple PSFs andwould clearly
not coincidewith the position of the occulted star. Other sources in
the image cannot be removed without precise PSF subtraction,
which is difficult to achieve in these AO images.
Even if the removal of other sources could be accomplished,

the speckles that are dominant at these high Strehl ratios further
complicate the image. They can clearly be seen in the background
halo and pinned to the bright Airy rings of Figure 5. Inspection
shows that some of the speckles are quite stable over the duration
of the observations (about 20minutes), whereas others havemuch
shorter lifetimes. The unpredictable variability of speckles—a re-
sult ofwhether they arise from imperfections in fixed ormoving op-
tics or from atmospheric turbulence—makes their subtraction
from an image extremely difficult (e.g., Sivaramakrishnan et al.
2002). Atmospheric turbulence also introduces temporal and
spatial errors in stellar positions determined from centroiding
(Lindegren 1980; Sivaramakrishnan et al. 1995; Lazorenko &
Lazorenko 2004) and will further affect this method.
Therefore, the presence of other astronomical sources (whether

visible or not), speckles, atmospheric turbulence, and light dif-
fracted around the telescope spiders all distort the morphology of
the occulted image to such an extent that it is extremely difficult
to predict the star location from the intensity centroid. That the cen-
troid position is more closely aligned with the true star position

Fig. 6.—Images and radial profiles of the region around the occulting mask, showing the formation of fake sources at the edge of the spot as a function of tilt. In each
image the locus of the 450mas diameter occulting spot (circle) and estimated star position (cross) are shown, as well as the line along which the radial profile is calculated.
The intensity scale is logarithmic. The vertical line in the radial profile plots denotes the edge of the occulting mask, and the cross denotes the distance of the star from the
spot x-center. As the star is moved from the center of the mask, the flux of the ‘‘source’’ at the edge of the spot increases. The distances by which the star is decentered from
the axis are (left to right) �0.02k/D, +0.16k/D, and +0.32k/D, or �1.7, 14.5, and 29.1 mas.
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in the y-coordinate than in x in the images of HIP 62886 is likely
to be due to a combination of all of these effects.

5. SOLUTIONS TO THE ‘‘STAR LOCATION’’ PROBLEM

With many complex distortions of the image it is extremely
difficult, if not impossible, to determine the exact location of the
star in the image from conventional analysis techniques such as
centroiding or PSF fitting. Possible solutions to this important
problem can be divided into two broad régimes: those that rely
solely on the information contained in the image to recover the star
position, and those that use additional information from the in-
strument configuration.

5.1. Instrument Feedback

Estimating the star position from instrument feedback can
circumvent the problems arising from the complexity and vari-
ability of occulted coronagraphic images. As noted in x 3, the po-
sition of the occulted star in an image from the Lyot Project
coronagraph can in principle be deduced from the lenslet motor
positions. The aim of this is not to achieve accurate centering of
the lenslets behind the occulting mask—this is achieved by prior
calibration—but rather to recover the star position for the pur-
pose of astrometric analysis of the image.

Although the tip-tilt system used here is unique to this in-
strument, the principle of using instrument feedback to deduce
the star position is applicable to all very high contrast AO coro-
nagraphs. By definition all AO instruments use feedback, and
high dynamic range coronagraphs require a precise guidancemech-
anism to actively maintain alignment with the coronagraphic
spot. Feedback from this system can be used to infer the position
of the star with respect to the occulting spot and hence the lo-
cation of the star within the image. While the design of the guid-
ance systemwill vary between instruments, in this paper we use
the Lyot Project coronagraph as an example of the instrument
feedback approach for estimating the star position and as a

relative measure of its effectiveness when compared to other
techniques.

Other methods of determining the star position that are not
applicable to this instrument may be considered for some coro-
nagraphs. One such approach is to interleave occulted exposures
with integrations in which the coronagraphic mask is removed
from the beam path, so that the star position can be measured di-
rectly. However, this technique is not possible with the increas-
ing number of coronagraphs (such as the Lyot Project instrument)
that use occulted light as feedback to the control loop, since re-
moving the occulting mask would result in disruption of light
reaching the tip-tilt sensors. Furthermore, it is likely to prove very
difficult to implement in practice, since removing the corona-
graphic mask from the beam in between occulted exposures would
require extremely precise control of the beam position or focal
plane mask. With the majority of tip-tilt systems attaining at best
1 mas rms stability, most instruments would not have the highly
accurate beam control necessary to implement this method.

Feedback methods from the tip-tilt loop will suffer from
corresponding difficulties in instruments less stable than those at
a coudé focus. Coronagraphs on Cassegrain mounts will expe-
rience significant flexure problems, for example, which will
adversely affect the stability of the beam and attempts to deduce
the star position from tip-tilt feedback. However, as a result such
instruments will require automated flexure and stability control
in order to achieve the high dynamic ranges necessary to detect
faint companions. Accordingly, since all high-contrast AO co-
ronagraphs require precise active alignment of the star with the
occulting spot, information from a feedback loop will exist ir-
respective of the instrument and telescope architecture.

With the Lyot Project coronagraph the relation between the
lenslet motor positions and star location was investigated with the
experiment described in x 4, in which the primary star was moved
to different locations behind the mask by adjusting the lenslet mo-
tors. The lenslet motor positions are recorded in the FITS header
of the images, and these valueswere compared to the occulted star
pixel position estimated from the binary companion.

Results show a good correlation between the lenslet position and
image pixel coordinate in x and y (Fig. 8), with residuals of less than
1 pixel (13.5 mas) and no significant correlation between the x- and
y-coordinates (Fig. 9). The gradient of the transformation is consist-
ent between observations of different stars, at 0.035 pixels �m�1,
and the rms residuals are 0.482 and 0.286 pixels in x and y, re-
spectively. These results suggest that the star location can cur-
rently be inferred from the lenslet motor positions to an accuracy
of �10 mas. In the interest of improving this accuracy, we now
consider the residual errors in the relation and discuss the dif-
ferences in the transformation that occur between stars.

5.1.1. Errors in the Lenslet-Star Position Relation

There are a number of possible causes of the residual scatter in
the lenslet-star position relation: tip-tilt loop errors, motor po-
sitioning errors and hysteresis, field distortion, astrometric and
field derotation errors, and insufficient correction for atmo-
spheric refraction. Of these, tip-tilt loop and motor positioning
errors are unlikely to contribute significantly to the scatter ob-
served in Figure 8, since the tip-tilt loop is stable at the level of
1 mas (�1/15 pixels), and the motors are engineered to have po-
sitioning errors of just 1 �m (�1/30 pixels) when driven in one
direction. It should be noted, however, that the latter uncertainty
has not been independently verified in our system and that ad-
ditional effects such as changes in the APD gains and tempera-
ture fluctuations in the instrument will also introduce further
errors in the relation between star and lenslet motor positions.

Fig. 7.—Spatial differences between the x- and y-coordinates of the intensity
centroid and the star position inferred from the binary companion for images of
HIP 62886. The median differences in x and y between the centroid and assumed
star position are shown as solid lines. The intensity centroid is a poor indicator of
the star position and is also highly dependent on the positioning of the subregion
in which the centroid is calculated, due to speckles, atmospheric turbulence, and
astronomical sources in the image other than the target star.
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Motor hysteresis is expected to impart a more significant error of
�10 �m, or 1

3
pixels, and evidence for this can be seen in the

lower part of the x relation in Figure 8. The y lenslet motor ap-
pears to be much less affected by hysteresis. Any nonuniformity
of the plate scale due to field distortion would also produce de-
viations from the linear lenslet-star position relation, although
given that only a small portion of the detector (<200 ; 200
pixels) was used for this test, this is unlikely to have a significant
effect (see x 4.1).

Astrometric errors in the measured star positions will also
clearly affect the correlation with the lenslet motor positions.
Care has therefore been taken to obtain accurate astrometry with
PSF fitting using DAOPHOT, and tests of different fitting meth-
ods show mean discrepancies of less than �0.1 pixels. Scintil-
lation and isoplanatism will also give rise to errors in the derived
binary star positions due to the assumption of a spatially and tem-
porally fixed PSF (Roberts et al. 2005 and references therein).
Given that these are natural guide star AO observations at rela-
tively long wavelengths, with low zenith distances and long in-
tegration times, these effects will, however, be small. Further-
more, the binaries observed have small separations (P100) com-
pared to the nominal anisoplanatic angle for AEOS (Drummond
et al. 2003; Christou et al. 2003; Roberts et al. 2005).
While it is difficult to ascertain the contribution to the total

error of each of the possible sources of scatter in the lenslet feed-
back relation, two of the largest of these are likely to be the inaccura-
cies in the derotation of the individual frames and the inadequate
correction for atmospheric differential refraction. The derotation
applied to each image is calculated from a formula derived semi-
empirically from observations of binary stars with known sepa-
rations and position angles; the rotation rate is known analytically
from the position angle, altitude, and azimuth of the telescope, but
the constant rotation offset had to be determined from calibration
observations. Errors in this offset will not contribute to the scatter
evident in Figure 8, but uncertainties arising from ascribing a
single position angle, azimuth, and altitude to each integrated ex-
posure will do so, especially for rapidly rotating fields near the
zenith. Comparison of the derived rotated secondary-primary
star vectors for different images shows that the errors in the de-
rotation are on the order of a few tenths of a pixel, and these will
be propagated into the relation with the lenslet positions. At-
mospheric differential refraction has a more pronounced effect,
which is discussed in more detail below.

5.1.2. Atmospheric Differential Refraction

Atmospheric differential refraction (Filippenko 1982; Roe 2002)
presents an additional challenge in finding the exact location of

Fig. 9.—Comparison between lenslet motor positions and star pixel locations for HIP 62886, demonstrating the linear relations between the coordinates. One pixel
corresponds to approximately 13.5 mas on the sky. There is no significant correlation between the lenslet x and the star y pixel value and between the lenslet y and the x pixel
coordinates; these relations have linear correlation coefficients of �0.242 and �0.256, respectively. The error bars in the right panel represent the uncertainties in both the
centroiding and the lenslet motor positions; they are in effect the combined errors from both parts of the plot, showing the likely uncertainty in derived star location for a given
lenslet position. The error bars shown are approximate and only intended as a guide, but they nevertheless reflect the larger scatter in x than y that is evident in Fig. 8. This is
likely to be largely due to a difference in x and y motor hysteresis. The lenslet motor positions shown here are taken from a subset of the observations shown in Fig. 8.

Fig. 8.—Instrument feedback estimates of the occulted star position for HIP
62886, showing the results of changing the star position relative to the occulting
spot by moving the motors controlling the tip-tilt loop lenslets. The star positions
are relative to the center of the 450mas diameter spot and show good correlations
between the lenslet motor positions and star pixel positions in both x- and y-
coordinates. The residuals suggest that the star location can be determined to an
accuracy of 1 pixel (13.5 mas) from the lenslet motor readings. The linear cor-
relation coefficients for x and y are 0.975 and 0.995, respectively, and the rms
residuals are 0.482 and 0.286. Slight evidence for motor hysteresis can be seen at
the lower end of the x lenslet scale.

DIGBY ET AL.492 Vol. 650



the occulted star. The atmospheric index of refraction is wave-
length dependent and so the measured position of an object will
change with wave band. Furthermore, this effect is strongly de-
pendent on the air mass throughwhich a source is being observed.
At a zenith distance of 10

�
an object may typically show a �0B1

difference between its H-band position and its optical position; at
60�, the same star will have a differential displacement of �0B7.

Correcting for this effect is important in predicting the oc-
culted star location from feedback from the instrument tip-tilt
loop. The star positions are ascertained in H-band (1.6 �m) im-
ages, while the tip-tilt loop operates in the wavelength range
0.65Y1.0 �m. Ideally the tip-tilt loop would operate in the infra-
red since differential refraction effects are smaller at longer wave-
lengths, but currently available photon counting devices are not
sufficiently sensitive at these wavelengths to adequately measure
the small flux that reaches the tip-tilt loop sensors in this instru-
ment. The measured star positions must therefore be corrected for
atmospheric refraction before calibrating their relation to the
lenslet motor positions. The spectral energy distribution (SED) of
the star influences the effective wavelength at which the tip-tilt
loop is most sensitive and should be convolved with the photon
detector quantum efficiency curve and optical fiber transmission
efficiency in order to determine the peak wavelength. However,
accurate photometry of the calibration stars in the required 0.65Y
1.6 �m range does not exist for the binary stars observed to date,
so we assume that the tip-tilt loop functions at an effective
wavelength of 0.75 �m, corresponding to the peak of the detector
efficiency curve.

This approximation will result in a translation of the star-
lenslet relation by up to 4 pixels (�54 mas) between observa-
tions of different stars due to their differing SEDs. This is wit-
nessed in the data, since although the linear relations for different
stars have almost identical gradients, the intercept varies by up to
�100 mas between observations made of different stars and on
different nights. This translation is a result of a combination of
differential color refraction and an offset between observations in
the lenslet positions with respect to the occulting mask hole, due
to the motion of other optics in the coronagraph. Both of these
effects will be corrected for in future observations, the latter by
measuring the locus of the coronagraphic spot in terms of
lenslet motor positions with a light source each night, and the
former by observing stars with well-defined optical and infra-
red colors in order to improve the atmospheric differential re-
fraction correction.

Despite this, these two minor calibration issues do not pose a
conceptual problem to the principle of using the lenslet motor
positions to predict the star location in the image. The results
presented here suggest that the occulted star location in the
image can be estimated to an accuracy of better than 1 pixel (13.5
mas) from instrument feedback. Although there is uncertainty in
the contribution of each source of error to the feedback relation,
including that from themechanical stability of the feedback loop,
it is expected that the precision can be increased significantly,
possibly to a few tenths of a pixel (�1Y5 mas), by improving the
image derotation formula and more accurately accounting for
refraction effects. This will be achievedwith further observations
of well-studied calibration binary systems and will reduce the
prominence of fake sources in the images obtained from future
observing runs.

5.2. Image Symmetry

Using only information contained within the image to esti-
mate the occulted star position avoids errors in external infor-
mation, such as photometry, and in calibrations derived from

instrumental configurations.We investigated this type of method
by considering the symmetry present in the outer regions of our
occulted images. The centroid of the occulted star’s PSF does not
usually coincide with the actual position of the star, but the
symmetry of residual speckles forming the ‘‘halo’’ of the star can
provide information on the star’s location even when its PSF
closer to the core is rather complicated.

Awell-corrected, high-Strehl PSF can be expressed as a series
expansion of the Fourier transform of phase aberration within
the telescope aperture, with alternating symmetric and antisym-
metric terms (Sivaramakrishnan et al. 2002; Perrin et al. 2003b).
To second order this consists of a symmetric term representing
the perfect PSF, an antisymmetric term describing the first-order
speckles pinned to the inner Airy rings, and a symmetric second-
order component. This model of the PSF is also applicable when
a Lyot coronagraph is introduced after the AO system (Bloemhof
2004). The symmetric ideal PSF has its maximum at the image
center, whereas antisymmetry causes the first-order pinned speckle
term to be zero at the central peak of the PSF. Therefore, to
second order, the center of the PSF and the position of the star
should coincide with the point in the image about which there is
the most symmetry and least antisymmetry. Because the first-
order antisymmetric terms are pinned to brighter parts of the PSF,
we expect the symmetric second-order halo component to do-
minate the speckle pattern in regions where the PSF itself is very
small, i.e., in the wings of the image. Only the first two terms of
the expansion will be significant at the image center where the
star is, and a measure of symmetric to antisymmetric power at
each pixel should therefore peak at the PSF center and the star
position.

This was tested by calculating the ratio of the symmetric to
antisymmetric contribution about every point in occulted images
of the binary stars HIP 25813 and HIP 62886, in which the true
location of the star is known from the binary companion. These
calculations are performed by selecting a square box around a
given location in the image and computing the symmetric and
antisymmetric components of this subregion by, respectively,
adding and subtracting the box with itself rotated by 180

�
. The

box was chosen to be 100 pixels square, large enough to cover
the central part of the image, but not too large so as to include the
binary companion. The results were found to be independent of
box size. All pixels inside the box were used in the analysis,
including those interior to the occulting spot; these pixels must
be considered since the symmetry peak is within this region.

The symmetric contribution, S, is measured as the sum of the
pixels in the symmetric part of the box, and the antisymmetric com-
ponent,A, is twice the sumof the absolute values of the pixels in the
antisymmetric part. This process is repeated for every pixel in the
image. The ratio of symmetric to total symmetric and antisym-
metric contribution, I ¼ S/(S þ A), should have its maximum at
the center of the PSF and hence indicate the star position. This
statistic is chosen rather than S/A since its range is [0, 1]. The
ratio calculations were performed on images that had not been
flat-fielded, since the presence of the occulting spot in the flat
fields introduces false structure into the image center.

Typical results for this method are shown in Figure 10 and can
be quantified by calculating the difference between the star po-
sition estimated from the symmetry method and that determined
from the binary companion. The median of this discrepancy is
37:0 � 13:7 mas (2:7 � 1:0 pixels) for the observations of HIP
62886 and 170:6 � 78:7 mas (12:6 � 5:8 pixels) for the HIP
25813 images, where the errors are Gaussian standard deviations
� ¼ 1:48MAD, with MAD the median of the absolute devia-
tions from the median.
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The large differences in the accuracy of this technique can at
least in part be explained by the off-axis distance of the star in
each set of observations. Images in which the star is significantly
decentered exhibit little symmetry and would be expected to
produce unreliable results with this method, since larger tilt
aberrations require more high-order terms in the PSF expansion
than offered by the second-order approximation used here. This
is borne out by these observations, since in the HIP 25813 im-
ages the star was decentered by larger amounts than those of HIP
62886. The offsets from the axis varied between 0.7k/D and
2.7k/D (64 and 245mas) for HIP 25813, compared to 0.1k/D and
0.9k/D (9 and 81 mas) for HIP 62886.

That large aberrations other than tilt degrade the image sym-
metry is demonstrated in Sivaramakrishnan et al. (2005), who
treat the passage of low-order aberrations other than tilt in Lyot
coronagraphs, describing first- and second-order effects. They
show, for example, that second-order tilt and first-order defocus
effects produce a perfectly shaped PSF at the center of the image
(i.e., centered behind the focal plane mask) rather than at the star
location. When aberrations get large enough that higher order
terms become significant, the higher order effects possess mixed

symmetries. Even-order terms are symmetric about the stellar
location, and odd-order terms antisymmetric. However, the strong
presence of both symmetric and antisymmetric terms will re-
move any useful symmetry from the resultant image.
The effect of centering on the accuracy of the symmetry

method is demonstrated in Figure 11. This shows the difference
between the true star position (assumed from the binary com-
panion) and the symmetry estimate, as a function of the distance
of the star from the occulting spot center. Although there is sig-
nificant scatter in the plot, in general the symmetry method per-
forms less well for the images of HIP 25813, in which the star is a
greater distance off-axis than in themorewell-centeredHIP 62886
images.
The deviations from this trend indicate that the star-spot align-

ment is only one factor affecting the accuracy of the symmetry
technique in predicting the occulted star position. The quality of
the AO correction and significant wave front aberrations other
than tilt will also affect the symmetry of the images and hence the
reliability of this method, as will real sources that appear close to
the occulting spot. Since the accuracy of this method compares
poorly with the instrumental feedback approach discussed in

Fig. 10.—Occulted star positions estimated from PSF symmetry (contours show values of the symmetry ratio I ) compared to those inferred by the binary companion
(cross) for typical images of the stars HIP 62886 (left) and HIP 25813 (right). The symmetry technique works well when the star is well centered on the occulting mask but
deteriorates when the star is a larger distance off-axis. In the left panel the star is decentered by 0.65k/D and the symmetry contours form a well-defined peak that differs
from the binary companion estimate by 38 mas. The right panel shows a more poorly centered configuration (1.5k/D), yielding an ill-defined symmetry peak and a
discrepancy between the star position estimates of 68 mas. [See the electronic edition of the Journal for a color version of this figure.]
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x 5.1 and appears to be sensitive to centering and image quality, we
disregard this technique for determining the star position in oc-
culted images but note that it may have uses in other applications.

6. SUMMARY

AO coronagraphy will be central to many future programs
aimed at the direct imaging of high-contrast companions to nearby
stars. Such projects face many well-documented optomechanical
challenges, but of equal importance is the data analysis. While
coronagraphic theory and simulations are developing, significant
effort is required to attain a greater empirical understanding of
the highly complex coronagraphic images these experiments
will produce. Actual high-Strehl coronagraphic data from current
instruments provide a means to this understanding, and these proj-
ects are important as test beds for future instrumentation in ad-
dition to their immediate scientific goals. Future coronagraphs
such as the Terrestrial Planet Finder-Coronagraph (Stapelfeldt
et al. 2005) will requiremore sophisticated designs than the hard-
edged Lyot coronagraph employed in these tests, but the issues
discussed here are nevertheless relevant and important to the
next generation of instruments.

The issue of determining the location of the occulted star in im-
ages is an important challenge in the analysis of coronagraphic
data and should be carefully considered during instrument design.
We have considered three approaches to this problem for the case
of the Lyot Project coronagraph, predicting the star position from
the image centroid, image symmetry, and instrument feedback.
The first two methods yield median accuracies of 74 and 37 mas,

respectively, in recovering the star position in images of HIP
62886, whereas the feedback from the tip-tilt loop provides ac-
curacies of better than 13.5 mas. Furthermore, the centroiding
and the symmetry approach are highly dependent on factors such
as wave front correction quality and the subsection of image
chosen for the analysis. Instrument feedback provides a more
reliable solution, on the other hand, which should achieve even
better accuracywith further refinement. This is the technique that
will be employed in the data analysis for the Lyot Project in-
strument, and although the details presented here are unique to
this instrument, the principle is generally applicable to any AO
coronagraph. Other instrument architectures may present addi-
tional challenges from instrument flexure and from alternative
tip-tilt loop configurations, but all high dynamic range corona-
graphs will require some form of active alignment of the star with
the occulting spot. All such instruments will therefore yield some
form of tip-tilt feedback that can be used to infer the star position
with respect to the occulting spot. There will of course be many
alternative methods for predicting the occulted star location in
coronagraphic images, but our experience from the Lyot Project
coronagraph suggests that given the variability and complexity
of the data, it is preferable to use calibrated internal metrology as
an indicator of the star position rather than the information
contained within the image.
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Fig. 11.—Accuracy of predicting the occulted star position from image
symmetry as a function of tilt for images of HIP 62886 (filled circles) and HIP
25813 (open triangles). The error in the symmetry position estimate is derived by
assuming that the star’s true position is that inferred by the binary companion and
is plotted against the distance of the star from the spot center. The more poorly
centered HIP 25813 images on the whole exhibit lower accuracy of the symmetry
estimate than the more well-centered images of HIP 62886. There is poor cor-
relation and several departures from this predominant trend, however, suggesting
that other factors, such as the quality of the wave front correction, also affect the
performance of the symmetry technique. In addition, errors in the assumed star
position and image derotation will add further scatter to this plot. [See the elec-
tronic edition of the Journal for a color version of this figure.]
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