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ABSTRACT

We present a provisory scattered light detection of the Vega debris disk using deep Hubble Space
Telescope coronagraphy (PID 16666). At only 7.7 parsecs, Vega is immensely important in debris
disk studies both for its prominence and also because it allows the highest physical resolution among
all debris systems relative to temperature zones around the star. We employ the STIS coronagraph’s
widest wedge position and classical Reference Differential Imaging to achieve among the lowest surface
brightness sensitivities to date (~ 4 uJy/arcsec?) at wide separations using 32 orbits in Cycle 29. We
detect a halo extending from the inner edge of our effective inner working angle at 10”.5 out to the
photon noise floor at 30” (80 - 230 au). The face-on orientation of the system and the lack of a perfectly
color-matched PSF star have provided significant challenges to the reductions, particularly regarding
artifacts from the imperfect color matching. However, we find that a halo of small dust grains provides
the best explanation for the observed signal. Unlike Fomalhaut (a close twin to Vega in luminosity,
distance, and age), there is no clear distinction in scattered light between the parent planetesimal belt
observed with ALMA and the extended dust halo. These HST observations complement JWST GTO
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Cycle 1 observations of the system with NIRCam and MIRI.

1. INTRODUCTION

The first debris disk was detected around Vega as
an infrared excess when it was observed as an IRAS
calibration source (Aumann et al. 1984). Termed the
"Vega Phenomenon’; later surveys of IRAS data revealed
unresolved dust emission around more than 100 main-
sequence stars (Backman & Paresce 1993). Incredibly,
this discovery of Vega’s Kuiper Belt analog in 1984 pre-
ceded the finding the first (non-Pluto) Kuiper Belt ob-
ject in 1992 (Jewitt & Luu 1993).

As one of the nearest (7.7 pc) and brightest (40 L)
debris disk hosts, Vega has long been a proving ground
for studies of debris disk physics and new observing
techniques. The Vega system was among the first de-
bris disks to be detected in the submillimeter with
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JCMT/SCUBA (Holland et al. 1998), with a radius of
~ 85 au. The first very hot (< 1500 K) disk compo-
nent within a radius of < 4 au was discovered around
Vega through interferometry at 2 ym (Ciardi et al. 2001;
Absil et al. 2006). Subsequent measurements place this
dust within ~ 0.2 au (Mennesson et al. 2011). Early
Spitzer observations found a very extended dust halo
surrounding Vega out to ~ 400 au, providing evidence
for a population of smaller, collisionally produced grains
either escaping or at wide orbits (Su et al. 2005; Miiller
et al. 2010a). As both the first-discovered and one of the
most accessible to detailed characterization, the Vega
system is the archetype that forms the basis for com-
parison with other systems. For more details see the
reviews by Wyatt (2008) and Hughes et al. (2018).

In summary, the Vega debris system is complex with
1. a hot component within an au (Absil et al. 2006;
Mennesson et al. 2011); 2. a warm component originally
thought to lie at ~ 14 au in analogy with our asteroid
belt (Su et al. 2013), but shown to be more extended in
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new JWST/MIRI imaging (Su et al. 2024, in prepara-
tion); 3. a cold debris ring (Kuiper Belt analog) with a
peak at 11” (85 au) resolved with Herschel at 7T0um (6"
beam; Sibthorpe et al. 2010) and ALMA at 1.3mm (1.8”
x 0.9” beam; Matra et al. 2020), see also Marshall et al.
(2022); and 4. a halo of super-heated grains extending
out from the cold ring detected with Spitzer /MIPS at
24pum (6" beam; Su et al. 2005).

Vega has also been the target of many companion
searches using both space and ground based facilities
(e.g., Bohm et al. 2015; Meshkat et al. 2018). While
there are no confirmed companion detections, radial ve-
locity (RV) observations show a candidate companion
with a period of 2.43 days, albeit with low confidence due
to Vega’s enhanced stellar activity (Hurt et al. 2021).
Most recently, Ren et al. (2023) used the Keck vector
vortex coronagraph to probe a region from 1 - 22 au and
provide an upper limit on companion mass of < 3M jy
at 12 au. Recent LBTI results (extending upon Ertel
et al. 2020) indicate the presence of substructure in the
exozodi distribution, signaling the presence of a close
in, planetary mass companion (Faramaz et al. in prep)
that may be related to the RV detections above. There
are currently no known planetary mass companions at
a separation near the cold belt.

We focus here on the outer disk components acces-
sible with HST coronagraphy, namely, the Kuiper Belt
Analog and the Dust Halo. The highest resolution im-
ages of the outer ring were obtained with ALMA by
Matra et al. (2020). The data show a prominent, broad
ring with a peak in surface brightness at 11" (85 au),
a well-defined inner edge, and extending out to at least
150 au although further extent at low surface bright-
ness may have been suppressed due to the lack of short
u — v spacings. Modeling of the ALMA data suggests
that the inner edge of the ring is likely sharp although a
softer-edge Gaussian fit is also possible. Copious dust is
produced in this ring, as shown by the bright halo em-
anating from it and detected at 24 pm (Su et al. 2006).
Thus, its structure will be highlighted by light scattered
off these grains, and like the outer ring around the very
similar star Fomalhaut, might be apparent in corona-
graphic images.

While ground-based adaptive optics systems have
been highly efficient at resolving higher surface bright-
ness and compact disks, the enormous spatial extent (~
25") and low surface brightness of the Vega disk place it
well outside of their reach due to background and field
of view limits. Furthermore, the face-on orientation of
the disk makes many PSF subtraction techniques that
rely on azimuthal variation unsuitable, and misses the
forward scattering peak at small scattering angles. The

STIS coronagraph on the Hubble Space Telescope (HST)
provides unprecedented stability to PSF variations and
is ideally suited to detect faint disk features at all spatial
angles. This paper describes HST/STIS observations of
the Vega system, that may reveal the first scattered light
detection. This conclusion is subject to our overcoming
significant challenges in the data reduction, as discussed
in the Appendices.

2. HST/STIS OBSERVATIONS

We used HST/STIS to obtain deep coronagraphic ob-
servations of Vega and a series of PSF reference stars
in the cycle 29 GO program 16666 (PI: Wolff). De-
tails of the observations are provided in Table 1. The
Vega disk is uniquely challenging to observe: the disk
is viewed face-on (so scattering will be inefficient; Hed-
man & Stark 2015), and (from the Herschel and ALMA
images; Sibthorpe et al. 2010; Matra et al. 2020) radi-
ally extended with a low surface brightness and requir-
ing a large FOV instrument to observe. To achieve the
deepest possible contrast we elected to use the widest
wedge position available (to block the maximum amount
of stellar light), the WB2.8 location of the 50CORON
coronagraphic mask of the 50CCD detector, with mini-
mal but intentional saturation of the inner core. These
observations include contemporaneous, interleaved, and
identically observed (same total counts/pixel/exposure
at small separations) imaging of color-matched, PSF
template stars.

A total of 32 orbits were split into seven visit groups,
each consisting of four or five orbits. The third orbit in
each group was reserved for the PSF reference while the
remaining orbits observed Vega, resulting in a total of 25
science orbits and seven PSF orbits. Data were obtained
beginning in April 2022 and continued through Febru-
ary 2023, which allowed for full azimuthal coverage of
the disk with changing celestial orientation angles (see
Table 1). The observations within each set were exe-
cuted in sequential, contiguous orbits (i.e., back to back
with no interruptions except Earth occultation), to en-
sure PSF stability. The multi-roll technique we used has
been proven in multiple HST programs (e.g. GO12228)
to produce the optimal results for low surface brightness
extended emission (Schneider et al. 2014), as the high
number of roll dithers reduces systematic errors and im-
age artifacts, while also providing a full 360° imaging
coverage of the target region.

The Vega observations had an exposure time of 10
seconds with 31 frames per orbit resulting in a total in-
tegration time per orbit of 310 s and a total exposure
time of 7750 s for the entire Vega program. This expo-
sure time was selected based on HST GO program 13726



wherein Vega was used as a PSF calibration source us-
ing a slightly smaller wedge position of WEDGEB2.5.
In that case, 10-second exposures led to some satura-
tion but resulted in a useful inner working angle of ~
4", which is adequate for our science goals of spatially
resolving the disk morphology for Vega’s Kuiper Belt
analog. Our choice of the wider WEDGEB2.8 results in
less saturation (though some saturation remains inside
of ~ 4").

3. CHOICE OF PSF REFERENCE

Selecting the optimal PSF star for Vega proved chal-
lenging. Ideally, the PSF template star should be 1)
relatively close in the sky to Vega, minimizing ’breath-
ing’ variations in the PSF due to thermal instability of
the telescope Optical Tube Assembly (OTA); 2) a close
color match to Vega given the wide, unfiltered bandpass
of the STIS coronagraph; and 3) sufficiently bright as to
provide similar SNR to Vega at wide separations and to
reproduce detector behavior.

The only nearby, sufficiently bright source with a simi-
lar spectral type is @ Cyg (Deneb, spectral type = A2Ia,
Vmag = 1.25). This was the primary PSF template
used in the program, but was shown to be a less ideal
color match than initially assumed. Figure 1 compares
the spectra convolved with the STIS bandpass for our
selected PSF targets. o Cyg is intrinsically similar to
Vega, but it is redder with AB —V = 0.09.

It has been shown in Grady et al. (2003) that the
broad bandpass and relatively diffuse PSF of STIS cre-
ates a color-dependent PSF shape resulting in subtrac-
tion artifacts most prominent inside of 2” but extending
out to ~ 10”. This effect can be modeled using the Tiny
Tim software to simulate the STIS PSF for different stel-
lar colors. However, Tiny Tim only simulates the PSF
out to a separation of 4.5”. Unfortunately, a good esti-
mate of the theoretical PSF outside of this region is not
possible since the mid and high spatial frequency errors
in the optics aren’t well characterized, and those create
the scattered light that dominates at large separations.
Given that we purposefully saturate out to a separation
of ~ 4" it was unclear how the color-mismatch would
present at wider separations.

Early PSF subtractions of a Cyg from Vega showed
a radial profile shape characteristic of a color-mismatch
(see Figures 3,4; Grady et al. 2003), albeit at wider sep-
arations with negative values close to the inner working
angle (< 5”) and a bright ring at ~ 7”’. To determine if
these close-in features were related to a disk structure or
solely from color mismatch PSF artifacts we conducted
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Figure 1. Spectral comparison between Vega and the two
PSF calibration sources: a Cyg and ¢ Aql. The spectra have
been convolved with the STIS 50CCD transmission function
available through the pysynphot package (i.e. the unfiltered
sensitivity or detector quantum efficiency). While all targets
are close spectral types, the fainter ( Aql is a much better
color match to Vega than o Cyg. The spectra are based on
the BOSZ theoretical library (Bohlin et al. 2017) and the
extinction law from Gordon et al. (2021), plus the measured
stellar parameters, e.g., Teff, log(g), and Ay .

a search for a perfect color match to use as a PSF cali-
brator. Lamentably, the only nearby sources that were
sufficiently bright and a near perfect color match were
known to host companions. In the fourth visit group, we
replaced a Cyg with the slightly fainter § Cyg (AOIV,
Vmag = 2.87), but the stellar companions proved too
difficult to subtract out using an empirical PSF. We
make no further reference to this PSF target. In the fifth
visit group, we used the fainter ¢ Aql (AOIV, Vmag =
2.99) as the PSF calibrator, which is a very close match
to the colors of Vega (Johnson & Mitchell 1975) as shown
in Figure 1. Here we were able to successfully mask the
companion (Vmag = 12 at a separation of 7.2"). This
limited our azimuthal coverage but provided a PSF ref-
erence with sufficient S/N inside of 10” to test the color
dependence of the PSF.

Exposure times for the PSF calibrators were chosen to
reproduce the saturation pattern and radial brightness
profile of the Vega observations. We scaled the Vega
exposure time of 10 seconds based on the V magnitudes
to arrive at individual exposure times of 30.8 seconds for
a Cyg and 152.5 seconds for ( Agl. o Cyg was observed
in five epochs with 31 integrations per epoch, resulting



Table 1. HST/STIS Observations

Date Target  Visit Aperture Orientation Total Integration Num. of Frames
(Degrees) Time (sec)
07-APR-2022 Vega 65 WEDGEB2.8 -127.4 310.0 31
07-APR-2022 Vega 64 WEDGEB2.8 -132.4 310.0 31
07-APR-2022 « Cyg 63 WEDGEB2.8 - 979.2 31
07-APR-2022 Vega 62 WEDGEB2.8 -147.4 310.0 31
07-APR-2022 Vega 61 WEDGEB2.8 -164.4 310.0 31
19-MAY-2022  Vega 55 WEDGEB2.8 -161.9 310.0 31
19-MAY-2022  Vega 54 WEDGEB2.8 -172.9 310.0 31
19-MAY-2022 « Cyg 53 WEDGEB2.8 — 1016.4 33
19-MAY-2022  Vega 52 WEDGEB2.8 171.4 310.0 31
19-MAY-2022  Vega 51 WEDGEB2.8 157.1 310.0 31
24-JUN-2022 Vega 45 WEDGEB2.8 158.6 310.0 31
24-JUN-2022 Vega 44 WEDGEB2.8 153.6 310.0 31
24-JUN-2022 « Cyg 43 WEDGEB2.8 — 739.2 23
24-JUN-2022 Vega 42 WEDGEB2.8 136.6 300 30
24-JUN-2022 Vega 41 WEDGEB2.8 123.6 300 30
13-AUG-2022  Vega 35 WEDGEB2.8 105.0 310.0 31
13-AUG-2022  Vega 34 WEDGEB2.8 99.98 310.0 31
13-AUG-2022 § Cyg 33 WEDGEB2.8 - 1873.3 14
13-AUG-2022  Vega 32 WEDGEB2.8 84.98 310.0 31
13-AUG-2022  Vega 31 WEDGEB2.8 69.98 310.0 31
04-OCT-2022  Vega 24 WEDGEB2.8 52.07 310.0 31
04-OCT-2022 ¢ Adql 23 WEDGEB2.8 - 1830 12
04-OCT-2022  Vega 22 WEDGEB2.8 47.07 310.0 31
04-OCT-2022  Vega 21*  WEDGEB2.8 27.07 310.0 31
16-DEC-2023 Vega 15 WEDGEB2.8 -25.51 310.0 31
16-DEC-2023 Vega 14 WEDGEB2.8 -24.04 310.0 31
16-DEC-2023 « Cyg 13 WEDGEB2.8 - 310.0 31
16-DEC-2023 Vega 12 WEDGEB2.8 -29.01 310.0 31
16-DEC-2023 Vega 11 WEDGEB2.8 -33.66 310.0 31
21-FEB-2023 Vega 4 WEDGEB2.8 -98.94 310.0 31
21-FEB-2023 « Cyg 3 WEDGEB2.8 — 310.0 31
21-FEB-2023 Vega 2 WEDGEB2.8 -103.6 310.0 31
21-FEB-2023 Vega 1 WEDGEB2.8 -107.9 310.0 31

NoTE—Visit 21 failed due to an unsuccessful guide star acquisition and was repeated as visit 15.

in a total exposure time of 4774 seconds. ( Aql was
only observed for a single epoch with 12 integrations for
a total exposure time of 1830 seconds.

4. DATA REDUCTION AND REFERENCE PSF
SUBTRACTION

Image calibration for each individual exposure was
performed using the methods detailed in Wolff et al.
(2023). First, we removed the video noise pattern (also
known as the “Herringbone pattern” for STIS) using the
Autofillet package (Jansen et al. 2003). Next, the video-
noise-corrected coronagraphic images were re-reduced
following the standard image reduction steps using the

calstis pipeline, available within the stistools package
(part of Astroconda), maintained by the Space Tele-
scope Science Institute (STScI). The result was a total
of 775 individual science exposures and 167 reference
exposures in units of counts/s. Masks for each expo-
sure were generated to include STIS wedge positions,
the OTA diffraction spikes, hot pixels and correspond-
ing bleeding lines, saturated regions, any bright point
sources (and in the case of { Aql a region surrounding
the stellar companion) and any apparent imaging arti-
facts found in a by-eye examination. Finally, for each or-
bit (i.e. unique orientation angle) the images and masks
were median combined.
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Figure 2. PSF subtraction results for the Vega system. Left: the scattered light image of Vega using a Cyg as a PSF template
presented in mJy/ arcsec?. Right: The signal to noise ratio of the scattered light disk detection using the uncertainty map
described in Section 4 and presented in the Appendix. Both images are presented North up, East left. While the signal interior
to 10”.5 (cross-hatched region) is indistinguishable from PSF residuals due to a color mis-match, the signal from 10”.5 to 27"
has an SNR > 1 per pixel and is consistent with a face-on disk. The scattered light surface brightness drops off quickly between

27" (red dashed line) and 30" (yellow dashed line).

For low surface brightness disk emission, classical Ref-
erence Differential Imaging (cRDI; PSF subtraction with
a dedicated reference star) outperforms other PCA-
based PSF subtraction methods (e.g. Ren et al. 2018;
Wolff et al. 2023) for HST/STIS, where the point-spread
function of the telescope OTA is relatively stable. Here
we present the results of cRDI using o Cyg as the PSF
reference star to maximize S/N at wide separations. We
employ ¢ Aql, the other observed PSF reference star, as
a test of the color-dependence in Section 4.1.

We find that the order of PSF subtraction steps has
an impact on the final image sensitivity and seek to
limit numerical /processing noise by first combining the
frames in an exposure taken over a single orbit with a
unique telescope orientation angle. Each resulting im-
age was background subtracted using the median value
of a large region near the far edge of the image (with
a separation of ~ 45") from the star. The background
subtraction levels were amended after subtraction to re-
sult in a radial profile with a photon noise floor mean of
zero counts/s. The location of the central star behind
the coronagraphic mask for each frame was determined
using a Radon Transform algorithm to find the intersec-
tion point of the OTA diffraction spikes with a demon-
strated precision of 0.1 pixels (Ren et al. 2019a). This is
discussed in more detail in Appendix A. Using these cen-
troids, the science images (and masks) were recentered

and rotated to north up while the reference star images
(and masks) were recentered and rotated by the same
angle to co-align the detector axes. Following transla-
tion, the mask values below one were rounded down to
zero, thereby conservatively expanding the size of the
mask by at most one pixel.

A scale factor between the science and reference image
was determined by comparing mean counts. A ratio of
the mean counts/integration in the science vs. reference
orbit stacks gave a value of 2.99 for Vega/a Cyg. This
is within 3% of the nominal value of 3.08 based on the V
magnitudes. However, o Cyg is known to be a variable
star with a period of 11.7 days (Abt 1957) and we obtain
a cleaner subtraction if we allow the scale factor to vary
between the 5 orbits. We find the best Vega/a Cyg scale
factors to be 2.98, 2.94, 2.96, 2.96, and 3.00 for orbits
03, 13, 43, 53, and 63 respectively (see Table 1). This
aligns with the ~5% variation expected due to stellar
variability and telescope breathing. Finally, the refer-
ence image taken closest in time to each science image
was determined and a scaled subtraction was performed.

The final subtracted image stacks (in units of
counts/s) are median combined. The PHOTFLAM
header keyword and the STIS pixel scale was used to
convert to physical units of mJy/arcseconds®. The fi-
nal cRDI subtracted image is shown in Figure 2. The
image shows signal consistent with a face-on scattered
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light disk and several point sources. These point sources
will be checked for common proper motion when com-
bined with JWST observations (PID 1193) using NIR-
Cam coronagraphy with planet mass sensitivities down
to 0.75 My, at 4" based on NIRCam’s on-sky detec-
tor and coronagraphic performance (Carter et al. 2023;
Rieke et al. 2023). There is a slight surface brightness
enhancement to the NE, however, this corresponds to
the location of the lowest orbital coverage in the image
and is unlikely to be significant.

The local error in each exposure will be dominated
by position dependent photon noise, which is over-
whelmingly from the central star (most of which is sub-
tracted), rather than the disk. However, in the PSF sub-
tracted images, the detector noise and disk-associated
photon noise are also significant with additional uncer-
tainty contributions from the PSF centering error, tele-
scope breathing and focus changes across all 32 orbits.
The propagated uncertainty map is estimated using the
method described in Ren et al. (2019b). In short, a
standard deviation map of the PSF subtracted image
stack (oriented to detector coordinates), is duplicated
to match the number of unique science orientations and
rotated north up before being combined in quadrature.
The method is described in more detail in the Appendix
with the uncertainty map given in Figure 12. The corre-
sponding signal to noise map is shown in the right panel
of Figure 2. The scattered light disk is detected with
a signal-to-noise > 1 per pixel between 10”.5 and 27",
with a steep falloff of the surface brightness out to 30"
where the photon noise floor is reached. Integrated over
the Rgg = 0”.16 aperture (radius in arcseconds of an
aperture that encloses 80% of the flux of a point source
for the STIS 50CORON mode), this gives a mean SNR
of ~ 40 per resolution element in the disk region. In-
terior to 10”.5, the noise is too high for the disk to be
detected reliably.

4.1. Color-dependent Uncertainties

The large image uncertainties interior to 10”.5 are
likely dominated by PSF residuals related to the slight
color mis-match between the science target, Vega, and
our PSF calibration source a Cyg. We investigate the
color-dependence of the cRDI PSF subtraction method
in this section. In addition to the Vega - a Cyg reduc-
tion, we also performed a PSF subtraction using ¢ Aql as
the science target to reproduce any color-induced PSF
artifacts. The ¢ Aql dataset contains only a single or-
bit and is significantly lower S/N than the Vega ob-
servations. To counteract this, we generate copies of
the ¢ Aqgl frames at different orientations (designed to
match the PA coverage of the 25 Vega observations) to

smooth out any background sources and image artifacts
when median combined. These are then used as science
frames and subtracted using the o Cyg PSF identically
to the reductions described above, using the same orbit-
dependent scale factors. Given the close color match
between Vega and ¢ Aql, if the signal persists in this
reduction, it is due to a color mis-match with a Cyg
rather than signal from disk scattered light.

As expected, the ¢ Aql - a Cyg reduction shows large
discrepancies from the Vega - a Cyg reduction inside
of 10”, highlighting the impacts of the color mismatch,
and we are unable to constrain any disk morphology in
this region (see Figure 3). Outside of this region, there
is no indication of a signal nearly as bright as the halo
detected around Vega.

Azimuthally averaged radial profiles were generated
(Figure 3) with 50 uncertainties provided by the un-
certainty maps presented in Figures 12 and 13. For
each radial bin, the uncertainties were combined using

o? . . .
ZN1 , assuming uncorrelated noise. While the ¢

Aql reduction is lower in flux than the Vega reduction
(due to the fainter magnitude of the central star), the
comparative shapes of the radial profiles elucidate any
impacts of a color-mismatch between the science targets
(Vega and ¢ Aql) and the PSF reference (a Cyg). Inside
of ~ 8" the Vega - a Cyg subtraction shows a bright
ring with a peak at 5” while the ¢ Aql - o Cyg reduc-
tion shows a negative profile inside of 5" and a sharply
sloped increase to a peak at ~ 9”. This could indicate
a bright inner disk surrounding Vega in agreement with
JWST/MIRI imaging observations (Su et al. accepted),
but it is not detected at sufficient signal-to-noise to be
conclusive.

Outside of our effective inner working angle of 10”.5,
the ¢ Agl - o Cyg reduction is much shallower than Vega
- a Cyg. We measure the slope of the radial profile be-
tween 10”.5 - 27" to be -2.3 for Vega and -0.5 for ¢ Aql.
This implies that the color of the central star may be
playing a role at these wide separations, though residual
companion flux may also play a role here. Comparisons
to the direction and magnitude of the color mismatch
explored in Grady et al. (2003) agree with the ¢ Aql
- a Cyg radial profile; a subtraction normalized to the
wings of the PSF will result in an over-subtraction in the
innermost regions of the bluer ¢ Aql and a slight under-
subtraction in the outer regions. Furthermore, the mag-
nitude of the under-subtraction appears nearly constant
in radius, regardless of the AB —V color (see Figures 3
Grady et al. 2003). Consequently, the sharp drop-off of
flux in the outer regions of the Vega - a Cyg image is
unlikely to result from the AB —V = 0.09 difference. A
color mis-match between the science and reference PSF

g =



is not able to completely explain the scattered light sig-
nal observed around Vega. Outside of 27", the Vega
subtraction shows a steep decline out to ~ 30” where
the photon noise floor is reached. For a more detailed
discussion of science and reference PSF color-induced
‘coronas’, see Appendix A.3.

Ultimately, the precise disk morphology is ambigu-
ous given these observations, though it is indicated
that excess emission is present in a spatially extend
halo, possibly from scattering by small dust grains.
Future dedicated observations of a higher signal-to-
noise color-matched PSF calibrator may help to over-
come this uncertainty but would require use of a non-
contemporaneous observation and thus be dependent
on the thermal OTA response. More detailed model-
ing of the color-dependent impact of breathing and fo-
cus changes on the theoretical PSF at wide separations
would also help but is unlikely to be completely satis-
factory.

5. ANALYSIS AND DISCUSSION

We have presented evidence for a scattered light halo
of dust particles surrounding Vega from 10”.5 - 27" (80
- 210 au). We explore the possibility that the observed
halo is a PSF-subtraction artifact extensively in Ap-
pendix A. First, the signal persists across all 25 Vega
orbits and is thus unlikely to be a PSF artifact related
to breathing, a change in focus, or PSF centering uncer-
tainties. Secondly, the observed radial surface bright-
ness distribution is not consistent with the difference
in color between the science and reference targets. Fi-
nally, the steep drop from 27" - 30" persists regardless
of the choice of scale factors between the science and
reference image and is inconsistent with charge transfer
efficiency effects. While the unique observing scenario
of this dataset (saturation pattern, wide wedge position,
atypically low surface brightness sensitivity) could result
in unprecedented PSF behavior at wide separations, we
conclude that light scattered off of small dust grains is
the most likely source of the observed signal.

In the following section, we investigate the dust prop-
erties required to produce the observed scattered light
levels. The large effective inner working angle and the
1% uncertainty in the scale factor between the science
and reference images (see Appendix A.2) complicates
the interpretation of the total scattered light contribu-
tion around Vega. We provide an estimate of the scat-
tering optical depth and a lower limit for the 90 degree
scattering albedo to test the plausibility that small dust
grains are responsible for the observed signal. Finally, it
is shown that a simple dust model for the disk is able to
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reproduce the observed scattered light flux levels with-
out over-producing flux at longer wavelengths.

We estimate the radially dependent scattering opti-
cal depth, Tgeqtt(r), over the region of interest using
the scattered light surface brightness radial profile I(r)
given in Figure 3 via Tecqu(r) = Q, x I(r)/F, . where
Q, = 772—2 for distance d = 7.7pc and the flux density
of Vega in the STIS bandpass F, . = 2.9 x 10® Jy. The
scattering optical depth is relatively flat with a mean
value of 6.7132 x 1076 from 10.”5 - 27", with the un-
certainties derived from the 1% variation in the Vega/a
Cyg scalefactor. This value is consistent with the non-
detection of the disk with JWST/NIRCam with a pre-
dicted sensitivity limit of Tseqt(r) < 2—8 x 10~ (Beich-
man et al. accepted). As expected, it is also below the
optical depth for the thermal emission derived from the
JWST/MIRI color temperatures Tem, ~ 2 x 1075 (Su et
al. accepted).

A lower limit on the 90 degree dust scattering albedo
can be estimated by comparing the scattered light and
infrared fractional luminosities via @Q = %
To estimate the total flux contributions from the Vega
debris disk in scattered light, we sum the flux contained
in the Vega - a Cyg reduction over the region of interest
(10”.5 - 30”) to arrive at frscatr. = 1.4 x 107°.1 Using
a value of frrr = 3.1 x 1075 (Cotten & Song 2016) we
estimate a 90° scattering angle albedo of 2 0.31. Note
that this is a lower limit since it does not include scat-
tered light contributions from the disk inside of 10.”5;
about 3% of the disk surface area.? The uncertainty in
the Vega/a Cyg scalefactor accounts for an additional
40.1 of the albedo uncertainty.

This albedo is in line with other measured debris disk
albedos (see Figure 6, Table A.2 in Ren et al. 2023)
though on the higher end, based on the 80° - 100° scat-
tering angles and is intermediate to HD 191089 (0.23)
and TWA 7 (0.57). Coupled with the radially extended
scattered light detection in this face-on disk, this im-
plies a large population of small grains. Dust parti-
cles smaller than the observing wavelength scatter more
isotropically, and the strong forward scattering peak ob-
served in several debris disks systems (e.g. HR 4796A
Milli et al. 2017) is mitigated. Vega is very luminous
with a blowout size of ~5 um predicted for astronomi-

1 The final integrated Vega debris disk scattered light flux is 8.5 x
10% counts/s. Then the stsynphot package is used to compute
the total flux contributions for Vega are determined using the
STIS 50CCD a2d4 mode with L. = 6.1 x 10° counts/s.

2 The sharp decline in the scattered light radial profile outside of

27" (210 au) indicates a lack of significant scattered light surface
brightness contributions outside of this radius.
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Figure 3. Radial profiles of the Vega PSF subtracted image (Figure 2) is presented. For comparison, we also present the radial
profile from the ¢ Aql - a Cyg subtraction (grey) to test the impacts of the color-dependent PSF. Uncertainties are generated
using the radial profile of the respective uncertainty maps. The Vega reductions are binned to a 8 pixel radius, while the noisier
¢ Aql - a Cyg reduction uses 12 pixel bins. The y-axis is shown on a logarithmic scale. The profile shapes differ significantly
inside of ~ 8” and the data in this region is untrustworthy. Outside of this region, the Vega - ac Cyg subtraction shows a halo
of disk material extending out to at least ~ 27" (210 au). The difference in the S/N achieved for a Cyg and ¢ Aql is evident in

the uncertainties.

cal silicates by setting the ratio of radiation pressure and
gravitational force 8 = 0.5 (see Miiller et al. 2010Db).
Composition and porosity are also key players in de-
termining the blowout size. Arnold et al. (2019) com-
pares predicted blowout sizes for more complex aggre-
gates and a range of compositions with Mie spheres in
several nearby systems. For HR 4796A, similar in mass,
effective temperature and luminosity to Vega, they find
blow out sizes of 2 um to > 10pum depending on the
porosity and composition. The strong Vega scattered
light detection at ~ 0.6um suggests a large population
of grains small enough to be blown out of the system on
hyperbolic trajectories. We further discuss the source of
this dust population in Section 5.2.

As a final test of the credibility of the scattered light
detection, we generate a simple dust model and deter-
mine if it can reproduce the observed scattered light
surface brightness without overproducing the observed
thermal emission distribution. Using the DiskDyn dust

modeling code (Gaspar 2020), the model assumes a dust
population comprised of water ice grains with a size dis-
tribution extending from 0.2 - 5 pm with a power law
slope of -3.65. The disk extends from 10” — 30" with a
radial dust distribution n(r) o< r~!, designed to roughly
match the shape of the scattered light surface density
profile.

Model disk images are generated at the central wave-
length of the STIS coronagraph (0.6um) and at 25.5um
to match the JWST F2550W filter. Figure 4 compares
the radial profiles of these models to the STIS profile
presented in Figure 3 and the JWST/MIRI profile pre-
sented in Figure 5 (Su et al. accepted). In this case,
signal from the dust population required to reproduce
the scattered light falls well below the observed ther-
mal emission of the dust as observed with JWST. The
paucity of thermal emission in the model may result
either from a different grain population, or from impu-
rities in the hypothesized icy grains that increase their
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Figure 4. Here we compare radial profiles of the scattered
light observed with HST/STIS and the thermal emission ob-
served with JWST/MIRI to a simple dust model. The data
are shown with solid lines and the models with dashed lines.
The model includes a dust population comprised of water
ice with a size distribution from 0.2 - 5 pum, a power law
slope of -3.65, a radial dust density distribution oc 7=, and
a radius from 10” — 30”. The model is able to reproduce
the observed scattered light surface brightness levels with-
out over-producing the flux observed in thermal emission.

emissivity. While a complete exploration of the dust
properties is beyond the scope of this work, it is clear
that scenarios exist that are capable of producing this
degree of scattered light while remaining consistent with
the thermal emission information available in the liter-
ature.

We compare radial profiles for these scattered light
observations to those of thermal emission available in
the literature in Section 5.1 and discuss the source of
the scattered light in more detail in Section 5.2. Section
5.3 considers Vega in context with the population of
observed scattered light halos.

5.1. Comparison to Fomalhaut

Vega allows the highest physical resolution relative to
thermal zones around any star with an infrared excess
— that is, relative to positions matched in stellar ir-
radiance (e.g., at the relative luminosities of Vega (40
Lg) and Fomalhaut (16 Lg), both at 7.7 pc, equivalent
thermal zones are at 1/40/16 ~ 1.6 larger radii around
Vega than Fomalhaut). Fomalhaut is an apt cognate for
Vega as one of the few other stars with a fractional disk
luminosity f < 10~* for which a debris disk has been
resolved in scattered light (see also the inconclusive re-
sult for HR 8799 Gerard et al. 2016). For comparison,
multi-wavelength radial profiles are presented for Vega
and Fomalhaut in Figure 5. While the Herschel images
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show a similar radial profile for both systems (partly due
to the larger beam size), they show very different pro-
files both at shorter wavelengths in scattered light, and
at longer wavelengths that trace the parent planetesimal
populations.

Vega’s fellow archetypical disk, Fomalhaut, has been
extensively studied in scattered light (Kalas et al. 2005;
Gaspar & Rieke 2020) and shows a narrow cold belt from
130-150 au (possibly confined by an undetected planet
e.g., Boley et al. 2012) with a scattered light halo extend-
ing outwards from the belt. The parent planetesimal
belt is clearly detected with ALMA (MacGregor et al.
2017), with an estimated dust mass of 0.01540.010Mg,.
Fomalhaut has also recently been the target of ground-
breaking JWST observations (Géspar et al. 2023) show-
ing the same narrow cold belt (albeit with a slight radial
offset indicative of grain size stratification) and halo.

Despite the similarity in ages, distances, and large
stellar luminosities, the Vega disk morphology differs
significantly from Fomalhaut, with a much broader outer
belt (see Figure 5). The shape of the radial profile
is largely independent of wavelength, showing no clear
stratification of dust particle sizes. A sharp, distinct
cold belt is not observed around Vega in scattered light.
Vega’s outer belt is broader in extent than the Foma-
lhaut counterpart for both the small dust population
(probed by HST) and the parent planetesimal popula-
tion (as seen by ALMA). This implies for the Vega sys-
tem that there is no analog to the Fomalhaut planet
responsible for shepherding the dust into a narrow ring
(over a wide distribution in dust particle sizes). We con-
sider two scenarios to describe the scattered light dust
distribution; (1) The outer belt contains a population
of scattered planetestimals driven by a massive planet
resulting in the collisional replenishment of the smaller
dust particles; or (2) Vega’s outer belt is dynamically
cold with little small dust production and the observed
halo is produced in the inner disk and driven outward
by radiation pressure.

5.2. Source of the Dust Halo

Small grains must be abundant to scatter enough light
to account for our detection because of the face-on ori-
entation of the disk (see radiative transfer modeling dis-
cussion in Wolff et al. 2023). Such grains have limited
lifetimes against destruction or loss (e.g., due to radi-
ation pressure or Poynting Robertson drag) and must
either be continuously replenished or retained on highly
elliptical orbits (Miiller et al. 2010b). These observa-
tions show a broadly extended population of such small
dust grains from at least 80 - 210 au. The wide planetes-
imal belt (80 - 200 au) is one potential source, though
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Figure 5. Comparison of the wavelength dependent ra-
dial profiles for the Vega (top) and Fomalhaut (bottom)
debris disks. The radial profiles for Vega are provided for
HST/STIS (this work), JWST/MIRI (Su et al. accepted),
Herschel/PACS (Su et al. 2013), and ALMA (using the Gaus-
sian model from Matra et al. 2020). Radial profiles for Foma-
lhaut are adapted from HST/STIS (Gaspar & Rieke 2020),
JWST/MIRI (Géspér et al. 2023), Herschel/PACS (Su et al.
2013), and ALMA (MacGregor et al. 2017).

some dynamical stirring is likely required to produce this
volume of dust. A planetary perturber could be respon-
sible, but is not detected in our images. Alternatively,
the stirring may have happened in the protoplanetary
phase, i.e. the belts were born stirred (e.g. Wyatt et al.
2007).

While much of the dust is likely produced in collisions
in the cold, outer belt, some portion of the dust could

also be produced closer to the central star and trans-
ported outward by radiation pressure. Recent MIRI im-
ages of the disk (Su et al. accepted) show a dust disk
extending from the outer, cold belt into at least 5 au
with a dip in the surface brightness slope between 40
and 75 au. A component that large is no longer firmly
associated with the ice line and might indicate processes
such as a high rate of inward scattering of comets by a
series of planets (Raymond & Bonsor 2014), or the op-
eration of a mechanism analogous to that proposed by
Faramaz et al. (2017) based on mean motion resonance
effects in the main debris disk driven by a planet outside
it. However, for the case of Vega, Su et al. (accepted)
find that the most likely source for the distribution of
dust detected interior to the broad outer belt is consis-
tent with grains being dragged inward by the Poynting-
Robertson effect. The authors are also able to rule out
shepherding planets with a mass larger than 6 Myg,.

There is also a population of dust in the innermost re-
gions of the system. The HOSTS survey for exozodiacal
dust measures 33.2 £ 7.5 zodis of material using conser-
vative aperture of 0.66” or < 5 au (Ertel et al. 2020).
This zodi level is low compared to some other A-type
stars and cold belt hosts in their sample, which could
indicate the influence of planets either to clear material
locally or prevent the inward migration of dust. Re-
gardless, this significant population of dust emitting at
~ 10 pm in the inner regions could serve as a reservoir
for small particles being driven outward by radiation
pressure. Pinpointing the source of this small dust pop-
ulation requires a more complete map of the inner disk
structure.

5.3. Comparison with other scattered light halos

We now discuss the Vega system in a wider context;
is the need for sub-blowout grains unique to the Vega
scattered light halo? Thebault et al. (2023) list 37 stars
with scattered light halos, and we base the discussion
largely on this list.

There are no cases in this list with fractional luminosi-
ties, f = Laebris/Lstar, less than 10~4. This compares
with the value for Vega of f ~ 3.1x10~° (Cotten & Song
2016). However, this result is less significant than it ap-
pears. Targets for observations of scattered light halos
have been selected on the basis of inferred large dust
mass, closely related to f (e.g., Ardila et al. 2004; Kalas
et al. 2006). Schneider et al. (2014) state explicitly that
their sample was selected to have fractional luminosities
> 1 x 10™*. The listing of detected halos in Thebault
et al. (2023) is therefore biased against those in debris
systems with smaller fractional luminosities.



One might expect a strong bias toward detections of
halos around stars at high inclination, for two reasons.
First, the higher surface brightness and large departures
from circular symmetry of edge-on halos make them eas-
ier to identify. Second, scattering by grains above the
blowout limits (1 - 5 ym for most of the relevant stars) is
of low efficiency at large angles, which are required for
detection of low inclination examples. However, 10 of
the 37 listed are at inclinations < 60°, whereas from sim-
ple geometric arguments one would expect 50% or 18 if
there were no bias against small inclinations. To isolate
the need for large-angle scattering but where tiny grains
are not expected, we consider the cases with stars suf-
ficiently luminous for radiation blowout of small grains.
There are 30, of which 9 are at inclinations < 60°. If
there were no observational bias toward the higher sur-
face brightness of edge-on systems, we would expect 15.
It appears that large-angle scattering in systems where
small grains would be expected to be removed is a com-
mon behavior.

A few disks are at sufficiently low inclinations and
have good enough images that the presence of small
grains can be tested from the observed scattering at the
phases around the disk. For example, for HD 107146
Ardila et al. (2004) say “the mean color is consistent
with the presence of grains smaller than the radiation
pressure limiting size. A more detailed analysis (with a
more realistic dust model) is necessary to confirm this re-
sult, although a similar situation has been found for the
debris disk around HD 141569 (Ardila et al. 2005).” For
HD 202628, Schneider et al. (2016) report that the ring
(at an inclination of 54.2 degrees) has “(Nearly) isotropic
scattering.” The polarimetric study of HD 181327 by
Milli et al. (2024) found that large numbers of grains
smaller than 0.3 ym and far below the blowout size of a
few pm were needed to fit the measurements.

In summary, our detection of a scattered light halo
around Vega is generally consistent with the behavior of
other stars with debris disk halos. It appears that many
of these halos require the presence of large numbers of
tiny grains well below the blowout limits (see also Bal-
lering et al. 2016), to provide efficient large-angle scat-
tering. The creation of large populations of these tiny
grains is the outstanding question posed by the large
number of observed halos. This is a complex issue and
may have different explanations for different ages and
types of stars.

For example, for HD 107146, 181327, and 202628, of
spectral types F6V - G2V, a possibility for creating this
grain population is that the collisional cascades among
the larger particles inevitably create a broad range of
particle sizes. A subset of the particles is likely to have
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B < 0.5 and still provide sufficient scattering cross sec-
tion to be detected. The population will be winnowed
by radiation pressure force to eject all the grains with
B > 0.5. The loss mechanism for the remaining grains
is not clear. If it is Poyting-Robertson drag, they may
have long lifetimes (Gustafson 1994):

400 (Mg o\ 2

=3 () () s
where 7p_pg is the time to spiral into the star, and rq
is the starting distance from the star. Thus, even if the
production of such tiny grains is very inefficient, they
can have very long lifetimes allowing the accumulation
of the significant reservoirs needed for the scattered light
halos.

Thebault & Kral (2019) have suggested that for disks
with high fractional luminosities, the generation of very
small grains may be adequate to explain their presence
in large numbers, even as they are blown out the the
systems. HD 141569 presents a different possibility: it is
sufficiently young that residual gas may help retain small
grains. However, neither of these explanations appear to
apply to Vega or Fomalhaut, given their ages and much
larger luminosities and the concomitant lack of small
values of 8 even for very small grains. One possibility is
a transient event such as a major planetesimal collision
or a series of collisions that are enhancing the small grain
population temporarily (e.g., Su et al. 2005).

Further explorations of these possibilities for the gen-
eration of the needed grain populations are beyond the
scope of this paper.

6. CONCLUSION

The HST coronagraphic imaging of the Vega system
reported here demonstrates the following:

e Vega appears to have a very extended halo in scat-
tered light detected from 10”.5 to 27" (80 - 208
au). The high level of scattering in a face-on disk
indicates a significant population of small (< 3pm)
grains, below the predicted blowout size.

e Although the shape of this halo is only tenta-
tively established due to challenges with the HST
reference stars, to first order it appears to fol-
low the large extended halo seen in thermal emis-
sion throughout the infrared, from 24 pm (Su
et al. 2006, Su et al. accepted) through 500 pm
(Sibthorpe et al. 2010).

e Although it has been thought that the Vega and
Fomalhaut debris systems were twins (Su et al.
2013), in scattered light they are very different. In
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Fomalhaut the light is confined to the narrow outer Facilities: HST(STIS)
debris belt, while Vega has a far more extended Software:

distribution. Astropy (Astropy Collaboration et al.

2013, 2018, 2022)

e This difference in debris disk structure suggests
a difference in the architecture of the planetary
systems around the stars: it is believed that the
Fomalhaut ring is shepherded by planet(s), but
such planets may be absent or have substantially
different properties in the outer region of the Vega
system.

e This dust population may arise due to a very high
rate of collisions in the outer belt of the system,
but the details of its origin are not certain.

The data presented in this paper were obtained from
the Mikulski Archive for Space Telescopes (MAST)
at the Space Telescope Science Institute. The
specific observations analyzed can be accessed via
https://doi.org/10.17909/wved-5w86.  STScl is oper-
ated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS5-26555.
Support to MAST for these data is provided by the
NASA Office of Space Science via grant NAG5-7584 and
by other grants and contracts. LM acknowledges fund-
ing from the Irish Research Council (IRC) under grant
number IRCLA-2022-3788. Finally, we wish to thank
Glenn Schneider for his assistance in planning this pro-
gram and for his many contributions to disk studies with
HST/STIS coronagraphy.

APPENDIX

A. A DEEP DIVE INTO THE SYSTEMATIC UNCERTAINTIES

Here we examine the impacts of several sources of systematic error in the PSF subtraction process described in
Section 4. In summary, we find that (1) inter-orbit breathing and PSF centering errors are not significant with
< 1% variations seen across the 25 individual Vega orbits, (2) the relative scaling factor between Vega and a Cyg is
challenging to decouple from color-induced effects inside of ~ 5” but does not greatly impact the disk morphology,
and (3) a slight color mismatch between Vega and the PSF reference star o Cyg causes notable residuals at small
separations, and could have some impact at the location of the detected disk (10.5-30"), though this is difficult to
quantify.

A.1. PSF Centering, Breathing and Focusing

The STIS coronagraph is simple with a single mask and a Lyot stop and several preset target coronagraph positions
behind the mask. Exact positioning of the star behind the PSF mask is typically done by fitting to the diffraction
spikes, either by hand or algorithmically. Given the large data volume, we opted to determine the stellar position using
the RadonCenter code (Ren et al. 2019a) which performs a Radon Transform on the diffraction spikes and has been
extensively tested on STIS coronagraphic data. We have verified the results of this algorithm to the centers derived
from a 'by eye’ fit to the diffraction spike locations. The computed centers for each orbit are shown in Figure 6. In
general, the stellar positions are very stable over the course of an orbit, and remain stable over the program with a
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total offset of < 2 pixels in the x-direction and < 2.5 pixels in the y-direction observed. In any individual orbit, the

stellar center is displaced by only 0.1 - 0.2 pixels.
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Figure 6. The computed stellar positions for each frame of the 25 Vega orbits and 6 reference orbits obtained in this program.
The center positions have been color-coded based on the orbit (see Table 1) and have corresponding orbit labels. Within an
orbit the center positions are very stable and remain stable over the full 11 months of observations.

Next, we discuss another systematic uncertainty that can lead to ’halo’-type PSF subtraction artifacts; OTA breath-
ing (secondary mirror motion caused by thermal variations). Unfortunately, no model of the HST PSF at such wide
separations exists for testing the effects of breathing and/or focus changes over time. However, these observations were
taken in sets of contiguous orbits to limit focus/breathing changes, and very little variation is observed. As a color-
independent test of breathing effects, we show the ratio of each Vega orbit relative to the median in Figure 7. Radial
profiles were computed for the reduced but non-PSF subtracted Vega observations where frames taken within each
individual orbit were median combined. Inside of ~ 34", the orbits all agree well with variations of < 1%. Note that
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these orbit-to-orbit variations include both effects from breathing, and any impacts due to the sub-pixel re-centering
performed before the subtraction.
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Figure 7. Here we show the radial profile for each of the 25 median averaged Vega orbits divided by the median radial profile.
This provides a color-independent estimation of the impacts of breathing on these observations. The telescope PSF appears
stable over the ~ year of observations. Inside of 30", variations between orbits are < 1% with no clear curvature that could
mimic a scattered light dust halo.

A.2. Relative Scaling Between Vega and o Cyg

The relative flux scaling between the science and reference target represents another source of systematic uncertainty.
The strong saturation pattern and impacts of color at small separations complicates this measurement, as does the
known variability of o Cyg. Here we compare the individual orbits of Vega and o Cyg to confine the range of reasonable
scale-factors and discuss the impact on the final PSF subtracted image. Figure 8 shows the radial profiles for all Vega
(blue) and « Cyg orbits using various scale-factors. In each case, we compute a percent difference from the median «
Cyg orbit radial profile to highlight the differences. The top panel uses a scale-factor of 2.99 for all Deneb orbits. This
value reflects the ratio of the mean counts/frame for the full science image stack (Vega) and reference image stack (o
Cyg). This is inline with what is expected for the difference in the count rate between Vega and o Cyg based on their
respective magnitudes. This panel highlights the temporal variability of o Cyg. In the middle panel, we correct for
the variability. We employ scale-factors of 2.97, 2.93, 2.95, 2.95 and 2.99 for orbits 03, 13, 43, 53 and 63. While the
absolute flux of the o Cyg orbits vary, the variability corrected radial profiles remain very stable out to 30”. Note that
there is a clear difference in the curvature between the Vega and o Cyg profiles. The normalized Vega orbits exhibit a
peak at 4" (likely a color-induced effect) and a broader peak from 10-30” (the source of the residual scattered light).
The bottom panel inflates the scale factors used in the middle panel by 1%, which produces over-subtraction inside of
10” and in the outer regions.
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The top and bottom panels of Figure 8 represent our upper and lower bounds on the scale-factor for o Cyg and
correspond to a 1% systematic uncertainty in the scale-factor. The bounds on the feasible scale-factors were determined
via trial and error. Too low a scale-factor resulted in under-subtraction in the outer regions of the image (exterior to
the observed signal) inconsistent with the difference in magnitude between Vega and o Cyg. Too large a scale-factor
resulted in over-subtraction both in the outer regions and in the inner regions (< 10”) after correcting for color-induced
effects. While the Vega/a Cyg scale-factor used does impact the total flux of the Vega disk signal, it does not have
a strong impact on the resultant slope of the radial profile, or on the SNR of our detection (see Appendix B). For
the final image reduction presented in Section 4 we choose an intermediate 0.5% inflation of our baseline scale-factors
and discuss the impacts of scale-factor on the total flux and derived scattering optical depth and 90 degree scattering
albedo.

A.3. Impacts of Color on the PSF

The dominant systematic noise source in the PSF subtracted reduction is expected to be the slight color-mismatch
between Vega and our principal PSF reference source, a Cyg, which is discussed extensively above. It is recommended
that the broadband UVBRI color differences be less then 0.08 magnitudes between the target and reference star when
observing with the STIS coronagraph. In our case, the AR — I = 0.07 meets this criterion while AB —V = 0.09 is
slightly over and both AV — R = 0.15 and AU — B = 0.23 are not ideal. This color-mismatch, most notable at shorter
wavelengths, was unavoidable, as there were no other reference stars available that were sufficiently bright (to achieve
required SNR within an orbit and to limit CTE degradation Debes et al. 2019) and without bright companions in the
FOV (see also Section 3). Additionally, while the wider wedge position was necessary to limit saturation around these
bright, nearby stars, there are no archival color-matched STIS/WEDGEB2.8 observations available. Only one other
source has been imaged using the WEDGEB2.8 position: GD 153 (a V = 13.3 magnitude white dwarf, PID 7151)
with very short exposures designed to verify STIS aperture updates.

In the absence of a perfect color and magnitude match for Vega, we examine the impact of stellar colors on the
PSF shape using archival HST/STIS observations at wide separations. Grady et al. (2003) examine the impact of an
increasing AB — V colors on the STIS coronagraphic profiles and find that this produces a pattern of positive and
negative rings dependent on the direction of the color-mismatch. To further investigate this effect, we examine two
stars in their sample; HD 88981 (Am spectral type, PID 9241) and HD 141653 (A2 IV spectral type, PID 8419) with
a AB —V =0.15. Like Vega and a Cyg, these are both A stars but with a greater color mismatch and they provide
a good test for the magnitude of the color-induced ’corona’ effect. We perform a simple subtraction and find results
that agree with those discussed in Grady et al. (2003); a negative ring near the coronagraph inner working angle,
and positive residuals from ~ 6” with a power law slope of —3 out to ~ 10” where the residuals level off, likely as
the photon noise floor has been reached. The scattered light signal observed around Vega is outside of 10.”5, with a
shallower slope, and is difficult to directly compare to the HD 88981 - HD 141653 reduction. However, the rapid drop
in the residual signal with increasing radius approaching 10" is encouraging.

In a further attempt to quantify color-induced corona effects at wide separations, we conducted a STIS archival
search for a Vega/a Cyg color match. Observations for 8 Pic and a PSF reference a Pic obtained at various wedge
positions (PID 16992) have similar AB — V = 0.06 and AV — I = 0.08 colors. While analysis of this dataset is still
ongoing, the authors find the lack of a residual color halo down to a few thousands of a mJy/arcsec? past 20” (Avsar
et al. in prep.).

Our most reliable color test at a wide wedge position is the single orbit of { Aql data obtained during orbit 23 of
our program. This was the second best PSF reference star for our Vega observations and fits the UBVRI color match
criterion, but is three magnitudes fainter than Vega and has a stellar companion. A classical PSF subtraction using ¢
Aql is described in detail above. While it is the best constraint on color-mismatch effects at wide separations (> 10”),
the lower integration time, and impacts on the saturation caused by the stellar companion limit its effectiveness.

The impacts of the color mismatch between Vega and a Cyg remains our dominant source of uncertainty. While
no evidence for color-induced coronas outside of 10” exists in the literature, this is a unique program in terms of the
number of orbits, the degree of saturation near the central star, and the achieved sensitivity.

B. NOISE CONTRIBUTIONS FROM RANDOM ERROR

In the section above, the systematic sources of uncertainty in the dataset were explored. Here, we focus on the
known sources of heteroscedastic measurement errors, dominated by contributions from the photon noise and detector
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Figure 8. Radial profiles for each of the 32 orbits in this program prior to PSF-subtraction. Vega orbits are displayed in blue
and « Cyg orbits are shown in reds. We display a percent difference from the median o Cyg orbit to highlight the features.
Color-mismatch effects are apparent inside of ~ 5", while a broad peak in the Vega orbits is visible out to 30”. The top panel
uses a uniform scale-factor for the a Cyg orbits to illustrate the variability. The middle panel corrects for the variability by
normalizing to orbit 63, while the bottom panel inflates these scale-factors by 1%.
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Figure 9. The impact of the relative scaling between the o Cyg and Vega orbits on the final reduction. The left panel shows
the a Cyg - Vega reduction using the variability corrected a Cyg orbit scale factors (equivalent to the middle panel of Figure
8). The right panel shows the o Cyg - Vega reduction assuming a 1% increase in the a Cyg scale factors showing a strong
oversubtraction in the central region. The middle panel represents a 0.5% increase to the variability corrected o Cyg scale
factors and is equivalent to the Right panel of Figure 2. In all cases, the disk is visible outside of ~ 10", though the integrated
flux is impacted.

noise in both the science and reference images. A detailed assessment of the uncertainty in the reductions is supplied
via a pixel coverage map, a noise map derived from the shot noise in the images, a signal to noise map, and finally a
median absolute deviation contrast curve.

As a demonstration of the field of view coverage these 32 orbits provide, we generate cumulative pixel maps for the
«a Cyg reduction in Figure 11. For each unique orientation angle, the masks for the science and reference images are
multiplied, and only pixels with a value of one are used in the final reduction (i.e. only pixels unmasked in both the
science and reference images for each orientation are used). With 25 unique orientations, each with ~ 31 individual
exposures (see Table 1), we have ample coverage across the field of view, and particularly in the 10.”5 - 30" region of
regard.

Here we estimate noise and signal-to-noise maps from the dataset. While the uncertainty in the individual frames is
dominated by photon counting noise, the PSF subtraction process removes much of this noise component. Instead, we
follow the method for noise estimation described in Ren et al. (2019b). We begin with the set of 25 unique Vega - a Cyg
PSF subtracted images for each science orbit, oriented to the detector coordinates. To estimate the typical noise map
per frame, we compute the standard deviation for each pixel. This accounts for any temporal variations in the PSF
subtracted dataset while also capturing the typical photon noise contribution of the disk signal in an individual PSF
subtracted image. This standard deviation map is then replicated and rotated to match the 25 science orientations
that go into the final image and the uncertainties are added in quadrature. This results in the map shown in Figure
12. Corresponding Signal to Noise maps are shown in the right panel of Figure 2.

The disk signal is detected at an SNR of ~ 2 per pixel with an SNR > 1 per pixel demonstrated from a separation
of 10.”5 - 30”. The larger uncertainties in the center of the image make determination of an inner radius difficult, and
this is left for future work.

For completeness, we perform a similar uncertainty analysis for the ¢ Aql - a Cyg subtraction, shown in Figure 13.
In this case, there is only a single ¢ Agl orbit, so the noise map per frame is given by \/Scaqi—acyg- No extended
signal is detected at sufficient signal-to-noise. Note that unlike the Vega - o Cyg subtraction, no point sources are
present in the final reduced image because the PA of the individual ¢ Aql images have been artificially changed and
the stationary point sources are removed via the median combination, except in the outermost regions where there is
no overlap in azimuthal coverage between orbits.

Finally, we provide contrast curves for both the Vega - a Cyg PSF subtracted image in Figure 14. We compute the
median absolute deviation (MAD = median(|z; — &|) for all pixels z; in an annulus) as a measure of the achieved
contrast (e.g. Schneider et al. 2014) and find a minimum surface brightness sensitivity of 4 x 1073 mJy/arcsec? outside
of ~ 30" where the background noise limit is reached. The MAD is relatively robust to outliers, especially for smaller
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Figure 10. The radial profile of a quick image subtraction of HD 88981 - HD 141653 shown on a log-log scale. For each target,
all images obtained at the STIS WEDGEA1.0 position were median combined, normalized to the peak, and centered using the
diffraction spikes prior to subtraction. The observations show the close-in features characteristic of a color-mismatched PSF;
a strong negative ring close to the inner working angle, followed by a positive ’corona’ with a negative power law slope of ~ 3
(black dashed line). Outside of 10”, no evidence for color-induced PSF subtraction artifacts exists, however, this may be a
sensitivity limitation.

data sets and in the presence of extended disk signal; it is therefore the better estimator for our case (see e.g. Schneider
et al. 2014). For larger samples, the MAD contrast can be related to point-source optimized contrast metrics via 1.48
MAD = lo. We determined the value of the MAD in 2 px wide annuli (~ 1 resolution element), centered on Vega.
The interpretation of contrast curves in regions that may contain disk signal is challenging, with no clear standard in
the literature. Therefore, we do not attempt to translate these contrast curves into planet sensitivity limits. NIRCam
observations obtained as part of a GTO program (PID 1193, PI Beichman) will provide deeper planet detection limits
at these wide separations.
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