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ABSTRACT

We present results from the IR component of the HST/WFQ&atbn proposal 12354
in this instrument science report. The proposal was desigadest the high-contrast
imaging capability of the HST/WFC3 IR channel to detecttfaompanions at close
angular separation. We observed a bright young star (V=6a@)at nine orients in the
F128N narrowband filter over 3 orbits. For our analysis weeicied companions with
30 degrees rotation in each successive orient. The data therereduced using both
classical PSF subtraction and the “Locally Optimized Conation of Images” (LOCI)
algorithm. We find that with 9 orients, we can detect faineatgd companions with
magnitude differences of 10 mag at 0.5 arcsec, 11 mag at Eeresd 12.5 mag at 2
arcsec, with a confidence level ob5-

I ntroduction

The Wide Field Camera 3 (WFC3) is the workhorse imaging ims&nt on the
Hubble Space Telescope. With the NICMOS instrument cusreligabled, the IR chan-
nel on WFC3 is the only near-IR camera on the telescope. Beddere is no coron-
agraphic capability in WFC3, we have studied the feasybdit high-contrast imaging
using roll deconvolution (Mueller, M. and Weigelt, G. 1988y angular differential
imaging (Marois, C. et al 2006), together with advanced R&fractions. We present
the results of the three-orbit calibration proposal 123bdhe F128N narrow band filter.

Observations

The WFC3 IR camera is a 1k x 1k detector with 0.13 arcsec/@irdl 15 filters
covering a wavelength of 800 to 1700 nm. Directly imaging bright targets is chal-
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lenging for a couple of reasons; the camera does not haveoaagmaph, or a shutter
and additionally suffers from persistence (Knox et al. 20Me chose a fairly bright
star, HD165459 which is a young A dwarf (V = 6.9 mag). This expent would be
easier to reproduce with fainter targets.

When designing the proposal there were two primary conaiaers. We wanted
deep exposures to reach appropriate signal to noise ratleedbcation of potential
nearby companions. To do this we saturated the inner 0.2@ufsthe PSF. Also we
wanted to incorporate the maximum number of rolls in ourekwebit allocation in order
to enable roll deconvolution or angular differential imagi

Even allowing the inner 0.5 arcsec to saturate, the compaipdsure times for
the medium (e.g. F127M) and wide band filters (e.g. F160W)ewarder~2s and
~1s respectively. The IR detector has a reset time2Bs which when combined with
the lack of a shutter makes very short exposures of bright prablematic, potentially
resulting in bright persistence features. To get aroursiwiei designed our observations
using the narrow band filter F128N which permitted relagMehg exposure times of
10.23s per image.

To maximize the number of rolls per orbit we limited the tatamber of dithers
to four exposures per orient. Additionally the IR pixel sig€®.13 arcsec/pixel resulting
in a WFC3 PSF that is only half-Nyquist sampled. We used sswditpixel dithers
to mitigate this problem while maintaining optical stafyilof the PSF. Since this is a
calibration proposal we were able to fit three orients peitotowever, this created
considerable scheduling difficulties, and GO’s should ekpeget a maximum of two
orients per orbit.

The scheduling constraints for this program were such tleatig not have suc-
cessive rolls, but three orients with 0, -5 and +5 degrediorts, which were reproduced
three times in each orbit of our calibration program. Usimng tlataset we simulated an
observing scenario where successive rolls were perforrBedause we do not rotate
the PSFs and simply inject fake companions at differenttjoos angles, the assumed
rotation angle does not impact the final subtracted imagejtllloes impact the in-
ner working angle (IWA). For a rotation of 5 degrees the IWAulkbbe ~1.5 arcsec,
where the IWA is defined by the separation at which the ratat@responds to the PSF
FWHM.

We decided to use a larger roll angle than 5 degrees (30 degbtained success-
fully in HST proposal 7226) to explore the detection at s\, where we would be
limited by the PSF stability and not by the rotation of the gamion PSF. However, this
scenario is not completely realistic because it implicitgumes that the PSF maintains
the same stability over 30 degree rolls as it does over 5 degdtiso due to scheduling
constraints to reach such large rolls the data would be médadver several months and
the PSF correlation would decrease. However it has beenrsbhsing NICMOS data
(Lafreniere et al. 2009) that it is possible to use refeeedR8Fs that are spread in time
with the “locally optimized combination of images” or LOClgarithm (Lafreniere et
al. 2007), and even from other stars, but the required nuoflveference PSFs is larger.
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Thus the observer will have to choose between observing haitier rotation
angles and having the orbits executed successively, aodtize whether to reduce the
IWA or to ensure a better correlation between the PSF thraligthe orients. The
contrast estimates we provide in this report for separatioh.5 arcsec depends on
some optimistic assumptions and more reference PSFs maghied to achieve this
performance.

Analysis

For our image analysis we made use of the FLT images retrieoadthe archive
at STScl using the ‘On-The-Fly-Reprocessing’ which usesrtiost recent reference
files for bias, dark and flat field correction. Since the innérdicsec of the PSF is satu-
rated, we registered the images by cross correlating tfracliion spikes to each other.
In this process we ignored the fact that the PSF is significamider-sampled, and that
shifting and resampling the image would produce aliasifgces. More sophisticated
registration techniques could also be used (e.g. Fruchtdo&k 2002) but are beyond
the scope of this report.

Figure 1. A: target star with three fake companions with magnitudéedsice of 10.7
mag, 9.1 mag, and 9.3 mag respectively at 0.7 arcsec, 1.dcaiz® arcsec. B: result
of a classical PSF subtraction using all nine orients (3&jesi C, D, and E: result of
LOCI reduction using two, five and nine orients respectively
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We reduced the images using two different methods, namagsidal PSF sub-
traction and the LOCI algorithm. We generated three diffeodserving scenarios from
our complete set of 36 observations (nine orients, fouredgh

e The first scenario simulates two orients, which could paddigtcorrespond to a
single orbit (SNAP) proposal.

e The second scenario simulates five orients, which was rguddf our sample
data set and would require three orbits.

e The final scenario simulates nine orients, our completesktand would require
five orbits.

We injected reference PSF'’s that we extracted from a preW&C3 observation as
fake companions in each exposure, assuming a rotation oé@@es between succes-
sive orients, to simulate actual rolls of 30 degrees by tlestepe. For each of the three
different data sets we carried out both PSF and LOCI sulibradhe resultant images
for which are presented in Fig. 1.

Classical PSF Subtraction

For each orient, we generate one target image from the me#itae four dithers.
All other orients form the reference stack and are medianbtoed to give a single
reference image, which is subtracted from the target image.

For example in the five orient scenario, this results in fidgisicted images where
the companions are rotated by 30 degrees with respect tootlaeh We then de-rotate
the subtracted images and combine them into a unique finglema

s 8

——2 Orients

—— 2 Orients
9L 9

—— 5 Orients ——5 Orients

10+ —— 9 Orients 101 ———9 Orients

11+ 111

12+ 12

5-¢ detection sensitivityAmag
5-¢ detection sensitivityAmag

131 131

Angular Separatiofarcseg Angular Separatiorarcset

Figure2. 5-0 detection sensitivity for the Classical PSF subtractieft)land the LOCI
subtraction (right). The Y-axis for both figures shows thetcast between the com-
panion and the star measured in a 3 pixel box, the X-axis istigellar separation in
arcseconds.
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LOCI Subtraction

The methodology used to combine the LOCI subtracted imagegntical to the
one described above for classical PSF subtraction. Howeddfers greatly in the way
we create each individual subtracted image. LOCI is desigogroduce an optimal
reference PSF to suppress speckle noise, by using a linedoircation of the reference
images. We follow the implementation of LOCI as describelddfreniere et al. (2007).
This algorithm involves a few parameters that need to beropéid for best results. For
the purpose of this study we explored a large parameter spadedetermined a set
which provides satisfactory results over the entire imadgete that because LOCI is a
local algorithm, the optimal parameters change for difieemgular separations.

Results

In Fig. 2 we show the % detection sensitivity obtained from the classical PSF
subtraction and the LOCI subtraction. The most strikingnpoo note is the effec-
tiveness of LOCI at close inner working angles. LOCI siguifity outperforms the
classical PSF subtraction in the inner two arc seconds. th figures, we calculate
the contrast for the companion assuming a @ &etection sensitivity, using aperture
photometry for the signal, and measuring the noise in anlasrentered on the com-
panion.
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Figure 3. Measured throughput from the LOCI processing as a functiothe true
companion flux of the injected companions. LOCI affects tirewghputs of the com-
panions identically based on the angular separation,peas/e of brightness of the
original companion.

With classical PSF subtraction, we observe limited impnoget from using ad-
ditional orients, and the gain is one magnitude from two teerorients. With LOCI
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subtraction, we observe progressive improvement from bware orients, which sug-
gests that we have not reached the limitation from the syaies and that further
improvement might be achievable with more orients. At a ss#pan of one arcsec the
improvement is about three magnitudes from two orientsrte orients.

At the shortest possible separation of 0.5 arcsec, we detegbanions with a 10
magnitude difference in our experiment. At large angulaasations both techniques
reach the limitations of the data, and perform comparably.
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Figure 4. Measured throughput for the injected companion at diffeamgular separa-
tion from the star for five different magnitude differencésompanions with respect to
the star.

Since LOCI is designed to aggressively suppress speckkenthe algorithm
tends to subtract the flux from the companion as well, ragyiti incorrect photometry
measurements for the companion if measured directly framLtbCl output images.
To help properly characterize the behavior of LOCI on the panions, we measured
how it affects the throughput in the output images for connasinjected at different
angular separations.

The LOCI throughput is the ratio of the affected companior ftuthe true com-
panion flux. We generated Fig. 3 by measuring the flux for congue with increasing
brightness and by placing them at increasing angular separa-ig. 3 shows that at
a particular angular separation the throughput remairndestar a large range of com-
panion fluxes from a few electrons per second to more than &E@frons per second,
viz. magnitude difference of12 mag to~7 mag. Fig. 4 shows some fluctuation in the
throughput curve which results in the line for the comparab8.8 arcsec being higher
than ones located at larger angular separations. Similalplotted the throughput as
a function of the angular separation (Fig. 4). The figure shthat at small separations
LOCI acts aggressively and the companions flux is reducedew @ercent of its orig-
inal flux, and at larger separations the companions only haeeit half their original
flux. Combining the negative effect of LOCI on the throughyitth the increased time
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for processing of images can be a reason to prefer class&falsBbtraction at larger
angular separations, where the two methods are comparapéformance.

Conclusion

We have shown that high contrast imaging is possible usiegRhchannel of
the Wide Field Camera 3 using two different methods of dataicgon (classical PSF
subtraction and LOCI). We generated several observingasicento simulate the im-
provement with increasing number of orbits, using roll deaution.

We find that faint companions with a range of magnitude déifiees from 10to 13
can be detected at the %evel at separations larger than 0.5 arcsec. More impdytant
we find that despite the absence of a coronagraph and thesamagling of the PSF, we
observe continuous performance improvementin the 0.&424ec region by increasing
the number of orbits. This suggests that with further optation of the observations,
including finer dithering and a larger reference data setd#tection limits could pos-
sibly be pushed further. Combining the effect of PSF undending and LOCI’s effect
on the throughput and PSF shape a signal-to-noise ratioefdight not be sufficient
depending on the application (photometry and astrometry).

Additionally we observed a bright star (V=6.9) which puslilee detector close
to the edge in terms of saturation, but were still successfdetecting objects at 0.5
arcsec. Observations of fainter targets should be signtficaasier to plan where the
full suite of filters on the camera would be available.
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