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Reproduction of Figure 1 from El-Badry (2024) showing Gaia ’s parameter space of bi-
narity probed by different metrics. Objects in the red hashed region will be spatially re-
solved by Gaia , proper motion anomaly (described in Section 2.3) probes the green region,
Gaia ’s spectroscopic binary pipeline catches objects in the teal region, and RUWE probes
the pink hashed region, with some sources having full astrometric orbits (yellow region).

Reproduction of Figure 1 Kervella et al. (2019) illustrating proper motion anomaly.
The luminous object observed by Hipparcos and Gaia is labeled A and the less lu-
minous object, which contributes negligibly to the photometry, is labeled B. The
observed proper motions of A are shown as piqa/m, pn is the proper motion dif-
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Apgam is the PMa vector where Apigo/m = fig2/u — pug. The motion A makes
through space is given by the dashed black line, while it would have followed the

dotted blue line if it did not have the unseen companion. Ay thus corresponds to

the projected velocity vector of the photocenter around the barycenter. . . . . . . .

A proper motion anomaly sensitivity plot for a XOOMIES target. . . . . . ... ..

Keck/NIRC?2 adaptive optics image of KIC 8462852 A, B, and candidate companions,

shown in log stretch to emphasize the faint candidate companions. The primary, KIC 8462852

A, is shown inside a linear stretched box to avoid saturation. The secondary, labeled B, is

located 2” to the east. The two candidate companions are labeled ccl for the brighter

companion, 3.8” southwest, and cc2, 2.8” southwest. . . . . . . . . .. .. ... ...

Data, model, and residual map of the primary (labeled ”A”’), companion (labeled "B”), and
candidate companions (”cc1” and “cc2”’) for one image from the 2019 dataset. The model

shown is built using the mean values of the parameter chains from the MCMC fit for that
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16

70



33

34
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3.6

Left: Change in relative astrometry for KIC 8462852 B in separation (y-axis) and angular
direction (x-axis) in individual images (circles) and mean values for each epoch (crosses).
Epochs 2016 and 2019 dither positions are reported as separate observations. Thick crosses
show statistical uncertainty, thin crosses show systematic uncertainty. Crosses to the left
display the median error in individual image measurements. We measure a total relative
velocity of 1 = 0.14 #+ 0.44 mas yr—!, which is consistent with zero. Right: Observed
position of KIC 8462852 B (circles, error bars smaller than marker size) with expected
motion if it were a background star (black track, crosses indicate expected position at

observation times). KIC 8462852 B displays common proper motion with KIC 8462852

A, consistent with a bound companion. . . . . . . ... Lo o L

Orbital parameter posterior distributions for KIC 8462852 B. Posterior distributions on
eccentricity, inclination, and argument of periastron are similar to priors shown in orange.
Semi-major axis and longitude of nodes have no prior due to the scale-and-rotate process

of OFTI (see Blunt et al. 2017), while T, periastron, and apastron are derived from orbital

PATAMELETS. . « + & v v v et e e e e e e e e e e e e e e e e e e e e e e e

The absolute proper motions of KIC 8462852 A, B, ccl, and cc2, and objects in Gaia DR2

in a 0.5° cone search around the position of KIC 8462852 A. The proper motion for ccl

and cc2 are consistent with the motion of nearby stars with chance alignment. . . . . . .

Left: Relative astrometry for KIC 8462852 ccl in individual images (circles) and mean
values in each epoch (crosses). Thick crosses show statistical uncertainty, thin crosses
show systematic uncertainty. Crosses to the left display the median error in individual
image measurements. We measure a total relative velocity of y = 5.0 4 0.7 mas yr—!.
Epochs 2016 and 2019 dither positions are reported separately. Right: Observed position
of KIC 8462852 ccl (circles) with expected motion if it were a background star (black
track, crosses indicate expected position at observation times). The relative motion of

KIC 8462852 ccl is not consistent with being a bound companion. It is likely a star with

similar space velocity and chance alignment. . . . . . . . . ... ... ... ......
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4.3

Left: Relative astrometry for KIC 8462852 cc2 in individual images (circles) and mean
values in each epoch (crosses). Statistical uncertainty dominates systematic uncertainty for
this object. Crosses to the left display the median error in individual image measurements.
We measure a total relative velocity of z = 11.94 2.5 mas yr—!. Right: Observed position
of KIC 8462852 cc2 (circles) with expected motion if it were a background star (black

track, crosses indicate expected position at observation times). The relative motion of

KIC 8462852 cc2 is consistent with an unbound field object. . . . . . . . . ... .. ..

Illustration of our BDI implementation of the KLIP methodology. This process is repeated

for Star B using Star A as the eigenbasis. . . . . . .. ..o oL

Illustration of our method for determining signal to noise ratio (S/N) based on Mawet et al.
(2014). The image is a post-BDI reduction of HD 82984 A with a fake signal injected
right at the 5-0 S/N limit at separation » = 7\/D and position angle 270° East of North.
HD 82984 A is behind the mask and marked with an orange star. The sum of the pixels
within the red aperture, with diameter = 1\/D, is Z; in Eqn 4.1; the mean and standard
deviation of the sum of the pixels in the white apertures are Zo and sy respectively; no is

the number of white apertures. This computation was repeated for all N = 27r apertures

along the ring of radius r, and for rings of radius » = nA/D, where n is an integer. . . . .

Results of BDI-KLIP reduction of HD 37551. Top: reduced image of HD 37551 A
reduced with HD 37551 B as reference (left) and vice versa (right) using 15 KLIP
modes. North is up and East is to the left in both images. Middle: Contrast limits
(left) and mass limits (right) as a function of separation for HD 37551 A (purple)
and HD 37551 B (red). These are the deepest contrast and mass limits in our
survey, reaching as low as 5SMj,,, in to 40 AU for both A and B. Bottom: Survey
completeness maps for both stars for a grid of (semi-major axis, mass) pairs. Color
map indicates fraction of simulated companions which would have been detected

at each grid point. Contours indicate 10% (white), 50%, and 90% (inner-most

contour) of simulated companions detected. . . . . . . ... .. ...
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4.4 Contrast for TWA 13 A as a function of number of basis modes (Nky,;p). The

deepest contrast is achieved at Nkpp = 10 for this system. Optimal number of

basis modes varies between datasets and is reported in Table4.3. . . . . . ... .. 118
4.5 Top: A selected image of HD 36705 A (left) and HD 36705 B (right) from our

2017 dataset, shown with a ZScale stretch to emphasize the faint PSF features, with

gray scale showing pixel counts. The image of the two stars appear significantly

different due to their large relative contrast (Amag ~ 2) and the brightness of

HD 36705 A in the MagAO [3.95] filter, with many features visible on A lost

in the noise for B. This resulted in contrast limits when used to perform BDI due to

insufficient starlight subtraction. Bottom: A selected image from the 2015 epoch

HD 222259 observation, shown with a ZScale stretch. The HD 222259 A PSF

(left) contains a glint (bottom left corner), HD 222259 B (right) contains a different

glint (bottom of frame); both PSF cores are elongated. These features show up

prominently in the BDI reduction. . . . . . ... ... ... ... ... .... 118
4.6 Top: BDI reduction of HD 36705 using 20 KLIP modes. North is up and East is to

the left in both images. HD 36705 A is significantly brighter than HD 36705 B, and

PSF features visible in A are lost to noise in B, resulting in poor starlight subtrac-

tion and contrast limits, particularly for A. Bottom: BDI reduction of HD 222259

using 24 KLIP modes. North is up and East is to the left in both images. Regions

of bright and dark pixels in the upper northeast corner are due to the ghosts visible

in Figure 4.5, as are bright and dark areas in the central regions. . . . . . . . .. .. 119
4.7 Top: BDI reduction of HIP 67506 (labeled A) and TYC 7797-34-2 (labeled B)

using 30 KLIP modes. North is up and East is to the left in both images. The

candidate companion signal is located ~0.2” (~2)/D) to the east of HIP 67506

(behind mask), indicated by the red circle. The candidate signal rotated with the

sky rotation, unlike the azimuthally broadened features at similar separation. Mid-

dle: contrast curves for HIP 65706 and TYC 7797-34-2. We show mass limits

for TYC 7797-34-2 using a young age (500 Myr) and a field age (5 Gyr). Bottom:

Completeness map for HIP 65706 and TYC 7797-34-2. Contours show 10%, 50%,

and 90% completeness. . . . . . . ... e e e e 120



4.8

5.1

5.2

5.3

54

Completeness map for every star in our survey as a function of mass and semi-

major axis. Colormap and contours give the number of stars for which a given

(sma, mass) pairiscomplete. . . . . . . . . ... .

MKO L' KLIP-reduced image of HIP 67506 A from our Binary Differential Imag-
ing survey described in Pearce et al. (2022). The central star is masked in the
reduction, and the candidate signal is marked with a red circle ~2” (2.0 \/D) to
the east. This was identified as a candidate signal due to the fact that it did not

appear to smear azimuthally with derotation like the other residual structures at

similar separation, and the other indications described in Section 5.2.1 . . . . . ..

Gaia EDR3 BP minus RP vs absolute G magnitude color-magnitude diagram of
Praesepe Cluster members identified in Deacon and Kraus 2020 (orange). Objects
they flagged as possible overluminous binaries are outlined in blue up-pointing
triangles, and purple down-pointing triangles are objects they flagged with elevated
astrometric noise, following their Figure 4. The position of HIP 67506 is marked
with a red star in the main and inset axis, which shows a close view of the region
surrounding HIP 67506 A. HIP 67506 A falls on the overluminous region above
the main sequence, pointing to the presence of an unresolved stellar companion.

MagAO-X images of HIP 67506 Aand HIP 67506 Cin the four photometric filters
g, ', i, Z/, shown with log stretch. HIP 67506 Ais centered in each image, and
HIP 67506 C, located 0.1” to the south east, is marked by the white pointers. North

is up and East is left, and the stretch and spatial scale is same for each image.

Results of our grid search of [z, y, c] values for a model which minimizes HIP 67506 C

residuals post-KLIP processing for the 2015 MagAO/Clio epoch. Each parameter
is plotted versus the difference in RMS between KLIP-reduced image with and

without the model subtracted. Each parameter was fit with a Gaussian function

while keeping the others fixed at their peak value. . . . . . .. ... .. ... ...
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5.5

5.6

5.7

Top: Data, model, and residual of the [z, y, c] that minimizes residuals in 2015
MagAQO/Clio observation. Data and residual images are post-KLIP processing, and
shown with a log stretch; model image shows the signal with peak values in Figure
5.4 that was subtracted from images prior to KLIP processing. Middle and bottom:
Data, model, and residuals from the 2D Gaussian model in the 2022 MagAO-X 7/

image for HIP 67506 A (middle) and HIP 67506 C (bottom). . . . . ... ... ..

The lowest x? of all MIST model fits occurred for age~14 Myr when ages were
constrained to be the same for both objects. This figure shows the map of the
reduced 2 surface in log(T.g) and log(L) for HIP 67506 A (top) and HIP 67506 C
(bottom) for age = 14 Myr and the best-fitting values of metallicity and rotation for
each. The lowest reduced x? value for each is marked with an orange star. Contours
denote x? = 25, 50, and 100. Inset axis: x? of model verses model star mass for fits

of models with age = 14 Myr. The lowest y? values occurred at My = 1.13 Mgand

Mo =039 Man ' o e e e e e e e e

Color-magnitude diagram (CMD) of Sloan r'’-i’ vs. Sloan g’ absolute magnitude.
Points are photometry from the CARMENES sample of well-characterized M- and
L dwarfs (Cifuentes et al., 2020) and a selection of Hipparcos stars with SDSS
photometry and T.g estimates from McDonald et al. 2012. Our photometry of
HIP 67506 A (star) and HIP 67506 C (diamond) and uncertainties (black errorbars)
are overplotted. A and C are colored according to the T.g of the best-fit MIST

model shown in Figure 5.6. The best-fitting MIST models correspond to T values

consistent with nearby objectsonthe CMD. . . . .. ... ... ... . ......
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5.8

6.1

6.2

Relative astrometry of HIP 67506 C relative to A for the MagAO 2015 epoch (pur-
ple) and the MagAO-X 2022 epoch (orange). The abscissa and ordinate axes dis-
play position of HIP 67506 C relative to A in mas in right ascension (RA) and
declination (Dec). The motion of a non-moving background object at the position
of HIP 67506 C is given by the black track; the predicted position in 2015, given
then 2022 position, is an open diamond. The observed position and uncertainty in
each epoch is shown as filled circles (uncertainties are smaller than the marker for

the 2022 epoch). The observed motion of the HIP 67506 C is not consistent with a

background object, and is likely due to orbital motion. . . . . . .. .. ... ...

Left: Pup Search targets in RA/Dec. Targets accessible to MagAO-X from Las
Campanas Observatory are plotted in blue, targets accessible to northern hemi-
sphere instruments are in magenta. Targets outlined by the purple star were ob-
served in fall 2022, and the yellow star in spring 2024. Right: Pup Search targets
color magnitude diagram in Gaia absolute G magnitude vs Gaia bp - rp color. The
red points mark the 84 wide candidate WDMS systems identified in Sec 6.2.1. The
grey points are the 10,000 nearest high-quality solutions (ruwe < 1.1) in Gaia
DR3, with approximate spectral type ranges marked in blue (adapted from the
spectral type-color relations in Pecaut and Mamajek 2013). The inset axis shows a
zoomed view of the region of interest. The blue region marks the approximate lo-

cation of the giant branch. All of our target MS stars fall within the AFGK region,

and ~60% are in the giant starregion. . . . . . . . . . . ... ...

Color-magnitude diagram of the confirmed and candidate companions from Table 6.2
shown in SDSS 7’ — 2’ color and SDSS 7’ absolute magnitude. Colored markers give mea-
sured photometry in MagAO-X filters converted to SDSS filters using color conversion
table; host stars are marked with stars, companions are marked by circles. Grey dots are
the same Gaia sample from Figure 6.1 converted to SDSS colors using GaiaXPy (Ruz-

Mieres and zuzannakr, 2023) to generate synthetic photometry from Gaia DR3 spectra.
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6.3

6.4

6.5

MagAO-X images of theconfirmed and candidate companion signals in this work, includ-
ing the 2022 and 2024 detections of PupS-1B. All images are North up/ East left; the filter,

host star, and observation date are as indicated. Scale bars show 0.5 and corresponding

physical scales. The companion is marked by ared circle. . . . . . . . . .. . ... ..

Model fit results for PupS-1B to Bergeron et al. (1995) synthetic photometry. Top: x? map
with model effective temperature on the X-axis and log(g) on the Y-axis with value inter-
polated between grid points. There is a degeneracy between Togand log(g). The best fitting
model is marked with an orange star, with the orange solid and dotted contours showing 1-
and 20 surfaces from that minimum x? value. Bottom: the absolute magnitude in the three
filters for all models within 1 o of the best fitting model (mean x* < min[x*]+0pin[y2]»
solid markers) and 20 (mean x? < min[x2]+20min[xz}, transparent markers) compared
to our observations (teal open circles) and uncertainties (teal bars; thick bars are 1o and
thin bars are 20 uncertainties) at the mean Gaia DR3 parallax for the primary. The colors
show the Tgof the model and the marker shape shows the log(g). The best fitting model
is Tor = 11,000K, log(g) = 8.0 (x? = 4.5 & 4.4), followed by Tz = 10,500K, log(g) = 8.0
(x? = 5.244.2), Teq = 8500K, log(g) = 7.5 (x% = 5.6 £4.6), Teg = 17,000K, log(g) = 8.5
(x? = 7.2 £ 4.8), Teg = 16,500K, log(g) = 8.5 (x? = 9.6 & 5.8), and Teg = 30,000K,

102(2) =9.0 (x2 = 114 £ 6.2). « o v v v e e

Common proper motion plot for PupS-1B. The offset from TYC 4831-473-1 in RA and
Dec are given on the x- and y-axis respectively, with our observed position in 2022 and
2024 are given by the blue and red circles. If PupS-1B were an unmoving background star,
it would follow the black track relative to TYC 4831-473-1, given by the host star’s proper
motion and parallax; we would have observed PupS-1B at the location of the red diamond
in 2024. Our observed location is highly discrepant with this predicted location and moving
in the opposite direction in RA. We conclude that PupS-1B is not a background star, and

posit that the apparent motion of PupS-1B is due to orbital motion. More observations are

required to begin to pin down orbital parameters. . . . . . . . ... ..o o 0oL
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6.6  Proper motion anomaly (PMa) plot for 33 Sex (host of PupS-cc2; top) and TYC 5518-135-

6.7

6.8

6.9

1 (host of PupS-cc7; bottom) using the methodology of Kervella et al. (2022). This plot
describes the (minimum) mass of an object as a function of separation that would produce
the observed proper motion anomaly between the Hipparcos and Gaia observations. Left:
The orange vertical line marks the separation of cc2 from 33 Sex, and the horizontal orange
line marks the approximate mass of a mid-M dwarf. This suggests the cc2 is either not in
a face-on orbit (as assumed by the sensitivity function), or another object is contributing
to the observed PMa and cc2 is not responsible for the observed acceleration. Right: The
orange vertical line marks the separation of cc7 from host, and the horizontal vertical line
marks the approximate mass of a white dwarf. cc7’s position above the sensitivity curve
indicates it is either on an inclined or eccentric orbit, there is another object in the system
and cc7 is not responsible for the observed acceleration. . . . . . . . . ... .. .. ..
Color-magnitude diagram of the candidate companion signal to TYC 5518-135-1, PupS-
cc7. Since we do not have 7’ photometry we show it here in SDSS ¢’ — 2/ color vs SDSS 4’
absolute magnitude. cc7 clearly falls in the WD regime, however the exact position in the
WD sequence is not well constrained with only ¢’ and 2’ colors. . . . . . . . ... ...
Proper motion anomaly plot for TYC 368-1591-1. See text of Figure 6.6 for explanation.
The orange region marks where our imaging is sensitive. The inset axes shows the flux
contrast corresponding to those minimum masses (purple) and our imaging 30 contrast
limit (red). The grey vertical lines mark where they cross, the grey horizontal line marks
the minimum mass at that limit. Our contrast curves rule out at 30 companions within the
orange region outside of the grey line, which is objects >0.35 M5 (~M3.5V) at >160 mas.

Map of completeness to hydrogen-dominated white dwarf companions in our survey.

24

169

. 170



6.10

6.11

6.12

Pup Search confirmed and candidate companions in this work plotted (orange stars and
diamond) against known SLS from Zuckerman 2014 (red), Holberg et al. 2013 (and refer-
ences there-in; blue), WDMS systems in Gaia DR3 from Noor et al. 2024 (purple), wide
post-common envelope binaries in Gaia from Yamaguchi et al. 2024 (magenta), and two
SLS detected via astrometric acceleration and AO imaging in Bowler et al. 2021 (yellow),
plotted with separation in arcseconds on the x-axis and physical separation in au on the
y-axis. The orange diamond marks the location of PupS-cc8, which is not confirmed to be
a white dwarf companion. We illustrate the approximate limits of MagAO-X search space
between 48 mas (2 A/D in ') and 3" (half the detector FOV) by grey dashed lines. The

contours give an adaptation of Willems and Kolb 2004 Figure 10 (right) to our parameter

space. See text fordetails. . . . . .. ... Lo oL

Reproduction of Figure 1 from El-Badry (2024) showing the sensitivity regimes of various
multiplicity metrics for a two-solar mass binary. We have added the purple rectangle to
indicate the regime of the new candidate companions in our survey. They fall outside the
regime for which RUWE and PMa are most sensitive, and are too faint to be resolved in

Gaia, illustrating that these metrics are useful but incomplete for assessing WD multiplic-

Y. o o e e e e e e e e e e e e e e e e

Number of WDs expected and observed within 100 pc local volume. The dashed blue line
is the number of WDs predicted by theory (see text for details), the purple line is the 100 pc
Gaia sample from Jiménez-Esteban et al. 2023, the magenta line is the 100 pc WD+MS
sample from Rebassa-Mansergas et al. 2021, corrected for their 80% completeness of their
sample and the 9% completeness of their sample from the underlying WD+MS population,
the orange line is the new WD+MS from Nayak et al. 2024, and the black line is the sum.
We did not include WD+MS surveys for which the objects are resolved in Gaia, since they
would be captured in the Jiménez-Esteban et al. (2023) catalog. The dotted grey line shows
the approximate detection limit for Gaia for a WD at 100 pc, assuming a detection limit
of G = 20 mag; the dashed grey line shows the approximate detection limit for the Pup

Search for a WD companion to a GO star at 100 pc, assuming a noise floor of 5x107?, the

best case in our initial survey results. . . . . . .. L. oL Lo Lo
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7.1

7.2

7.3

7.4

7.5

7.6

100s of the nearest known radial velocity detected exoplanets in separation (in A/ D
for a 6.5 m mirror at 800 nm) vs Lambertian contrast. The dashed grey line marks
a typical resolution limit of 2A/D. Proxima Centauri b and GJ 876 b/c are marked

with red circles. An interactive version of this plot with details for each planet is

26

available here: http://www.loganpearcescience.com/reflected-light-calculations.html 180

Empirical mass-radius relation for planets derived from references given and com-

piled at https://jaredmales.github.io/mxlib-doc/ . . . . . . . ... ... ... ...

Nayak et al. (2017) Figure 1 illustrating the phase-radius degeneracy for reflected
light planets. Small radius planets at full phase will appear at the same brightness

as large radius planets at larger phase angles, necessitating additional information

(estimates of planet radius or phase) to distinguish these cases for a flux measurement. 183

Figure 3 of Batalha et al. (2019) illustrating how PICASO solves 1D radiative
transfer for exoplanet atmospheres. The observer sees emitted radiation [, as a
function of angle relative to surface normal (1;). The stellar radiation Fj is incident
at angle p at the top atmosphere layer Ty. The atmosphere is modeled as a series

of plane-parallel layers T;. Incident radiation is attenuated by optical depth in the

layer 005, . . o o e

Points at which PICASO computes intensities for different phase angles — full
phase, 60°, and 90°. Each example uses 10 vertical Chebyshev angles and 10
horizontal Gauss angles, following the formality of Horak and Little (1965). The
number of angles for each is user-specified, with more angles requiring longer

computation times. PICASO automatically takes advantage of symmetry where

possible to speed up calculation times. . . . . . . ... .. L Lo

The effect of varying f..q (top) and K, (bottom) on Earth-like atmosphere spec-
trum with water clouds. For each of the two pairs of plots, the named parameter is
varied and the remaining parameters are kept constant. The left-hand plots show
the resulting albedo spectrum compared to an Earth-like model in Feng et al. (2018)

(black) and a cloud-free model (black dashed); the right-hand plots show the cloud

vertical extent (y-axis) and optical depth (x-axis). . . . ... ... ... ... ...

186
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7.7

7.8

7.9

7.10

7.11

Phase angle sampling as a function of orbit for GJ 876 b modeling. We produced
models for all points marked with a black x. Black circle marks inferior con-
junction (brightest phase) and black diamond marks superior conjunction (faintest
phase). The solid grey lines mark 1\/D for MagAO-X (D = 6.5 m, A = 800 nm)
and GMagAO-X (D = 24.5 m, A = 800 nm); the dashed grey lines mark 1\/D for
MagAO-X and GMagAO-X. The colormap shows the viewing phase at each point
in the orbit. Left: the orbit projected on the plane of the sky (longitude of nodes
arbitrarily set to 90° as it is unconstrained); Middle: the separation in the plane
of the sky as a function of the orbital phase (parameterized by mean anomaly,
where meananom = O is periastron and the orbit proceeds through meananom =
27); Right: separation in the orbital plane, which sets the equilibrium tempera-
ture for the models and controls the chemistry. GJ 876 b remains within 2\ /D for
MagAO-X throughout its orbit, but is entirely outside 2\ /D for GMagAO-X, even
at its brightest phase. The orbital separation changes by less than 0.02 au through-
out the orbit, so the model PT profile and chemistry do not change as a function of
SEPATAtION. . . . v v v vt i e e e e e e e e e e e e e e e e e
Pressure-temperature profile for GJ 876 b models plotted with condensation curves
for chemical species. The thick lines give PT profile for the three C/O ratios mod-
eled; the PT profile is not meaningfully affected by C/O ratio or orbital phase. The
inset shows the region where the PT profile crosses with Sg (sulfur hazes) and water
curves showing where in the atmosphere those species condense into clouds. . . .
Phase angle sampling as a function of orbit for GJ 876 ¢ modeling. See Figure 7.7
for explanation. The orbital separation changes significantly throughout the orbit,
so the model PT profile and chemistry will change as a function of separation.
Left: the red dashed line marks the line of nodes, with phase>90 being towards the
observer and phase<90 being away from the observer . . . . . . . . ... ... ..
Pressure-temperature profile for GJ 876 ¢ models plotted with condensation curves
for chemical species. See Figure 7.8 caption for explanation. . . . . ... ... ..
Left: Projected orbit for four inclination values with phase sampling marked as

before. Right: same orbits in plane-of-sky separation as a function of orbital phase.
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7.12

7.13

7.14

7.15

7.16

7.17

Contrast as a function of wavelength for various surface materials for the airless

Prox Cen b models, with filter profiles shownbelow. . . . . . .. .. .. ... ...

The fractional contribution of atmospheric speckles (/,;) for a linear predictive

wavefront controller at 800 nm as a function of separation and guide star magnitude

(colors), azimuthally averaged from the maps of Males et al. (2021). . . . . . . ..

S/N as a function of exposure time for the GJ 876 b/c REFLECTX models in the
filters listed for a 24.5 m primary, computed using Eqn 7.23. The models used
here are at quadrature with f,.; = 0.03 and K., = 1 x 10° (the brightest cloud
configuration, see Figure 7.15). We estimated the throughput as 0.1, 7,5 = 0.02
(Males et al., 2021, Fig 10), I, and Strehl ratio from the tables from Males et al.
(2021), The grey shaded region marks S/N = 5, a typical detection threshold. The

mid-M host star is brightest in longer wavelengths, giving shorter exposure times

to detection on those filters. . . . . . . . . . . ...

Planet-star contrast spectrum from models of GJ 876 b at quadrature with C/0 =
1.0 for three cloud configurations, feq = 0.3, K..1 x 1077 (light blue), fea =
6, K..1 x 1079 (dark purple), and cloud-free (light pink). Molecular absorption
lines are marked for the f,.q = 6 case. Filter curves used in this analysis are shown
in grey below. The atmosphere is H, and He dominant, with water, methane, and
ammonia the next most prevalent molecules. As cloud opacity decreases molecular

absorption lines appear, as well as an upward slope to the blue end from Rayleigh

SCAETING. . . v v v v o e e e e e e e e e e e e e e e e e e e e e

Broadband colors for GJ 876 b quadrature models for cloud free (black), cloudy
with K., = 1 x 10? (circles, solid line) and varying fi.q (colors), and cloudy with
K.. = 1 x 10" (triangles, dashed line) and varying f..q. Left: Planet-star flux con-
trast as a function of wavelength, with broadband filter profiles for g, r, ¢, z, J, H, K

filters shown below in grey. Right: broadband ¢+ — H vs J contrast colors. Cloud

properties are broadly distinguishable in color-magnitude space. . . . .. ... ..

Phase curves for selected cloud models forrand Jband. . . . . . ... ... ...
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7.18

7.19
7.20

7.21

7.22

7.23

Left: Models in color-magnitude space as a function of phase; error bars are for
S/N = 5. The cloudy spectra behave differently as a function of phase. Right:
Selected cloud models in color-magnitude space as a function of phase for three

C/O ratio values. Broadband photometry is not sufficient for distinguishing C/O

ratio above uncertainty. . . . . . .. ... L. oL e e e

Left: Phase curves for GJ 876 ¢ models for cloudy and cloud-free models in 2z’
band. Some cloud configurations exhibit brightening trend at higher phase angles.
Right: Models in J vs H — 1 color space where some cloud configurations exhibit
surprising behavior with phase due to the (lack of) condensation of water clouds.

Top: GJ 876 ¢ physical separation as a function of orbital phase and viewing phase.
Orbit points within the purple regions are too hot for water clouds to condense un-
der the assumptions of this model. Bottom left: Reflectance spectrum for four
phases. Right: cloud opacity as a function of altitude (parameterized by pressure).

For the smaller phase angles water clouds form between 0-0.1 bars which are ab-

sent at higher phase angles. . . . . . . . . . ... ... ... ... .. .. ...

Color-magnitude diagram for airless (red) and Earth-like atmosphere models. The
airless and Earth-like models are well separated from each other, and for the most

part from the different cases within each group, by several magnitudes, just as with

the gas giantmodels. . . . . . . . ...

Top: Earth-like Proxima Centauri b cloudless albedo spectrum for inclination = 60°
and phase = 90°, with molecular absorption features labeled. Bottom: Earth-like
atmosphere albedo model under the same configurations with 100% and 50% cloud
cover; the flux contrast (Fp/Fs), the stellar spectrum model, and the planet flux

spectrum. More cloud cover leads to brighter planets but fewer spectral features

for constraining composition. . . . . . . . . ... L. oL c e
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B.1

C.1

C2

C3

Relative astrometry of HIP 67506 A and HIP 67506 B (WDS J13500-4303 A and
B). The abscissa and ordinate axes display position of HIP 67506 B relative to
HIP 67506 A in mas in right ascension (RA) and declination (Dec). The motion of
a non-moving background object at the position of HIP 67506 B is shown by the
black track for the Gaia DR3 proper motion and parallax given for HIP 67506 B,
with the predicted position at WDS observation epochs marked by colored dia-
monds. The blue track shows the track over the same time span given by the Gaia
DR3 proper motion and parallax of HIP 67506 B. The observed WDS positions
shown in Table B.1 are marked by filled circles with corresponding epoch colors.
The observed motion of HIP 67506 B relative to HIP 67506 A is consistent with the
Gaia DR3 proper motion and not with a common proper motion pair. We conclude

that the order-of-magnitude higher distance for HIP 67506 B than HIP 67506 A

given by Gaia DR3iscorrect. . . . . . . . ... ... o

Reduced images for the systems without companion detection. Each system was reduced

using the method indicated. White circles in TYC 5480-589-1 and TYC 1262-1500-1 mark

speckles that aren’t candidate signals. See the text for details for each system. . . . . . .

Contrast curves for non-detections. The colored regions mark the 1-, 2-, 3-, and 5-0 limits
as a function of separation for each system and reduction method given. Separation is
given in both A\/D units (bottom) and milliarcseconds (top); contrasts are given in flux
contrast units. The black line gives the 1-0 noise floor for each observation. The classical

ADI reduction got lower limits for TYC 5512-916-1 than KLIP ADI. Contrast curves were

computed using the method described in Section 6.3.2 . . . . . . . .. ... ... ...

Completeness maps for non-detections. See text for details. a: TYC 5518-135-1, b: TYC
5480-589-1, c: TYC 5512-916-1,d: TYC 6712-1511-1, e: TYC 877-681-1, f: TYC 1447-

1616-1, g: TYC 368-1591-1, h: TYC 1262-1500-1, i: TYC 169-1942-1 . . . . . . . ..
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C4

C5
C.6
C.7
C.38

C9

Fit results for PupS-cc2 to Phoenix models. Top left: x? surface for models in
the (Teg, M/H) space with log(g) fixed at 4.0. The location of the lowest y? is
marked by the orange star, and the error bars show models within the uncertainty
on that x? value. Top right: \? surface for models in the (T.g, log(g)) space with
M/H fixed at -4.0. Both log(g) and M/H are not constrained by our photometry.
Bottom left: Models within 1o of the lowest y? model, with our photometry and
uncertainty overplotted in teal. Bottom right: Violin plots for each model showing

the distribution of x? values for the model from our bootstrap simulation with M/H

=-35,log(2)=0. . . . . e
Model fit results for PupS-cc3. See caption of Figure 6.4 for plot explanation. . . . . . .
Model fit results for PupS-cc4. See caption of Figure 6.4 for plot explanation. . . . . . .

Model fit results for PupS-cc5. See caption of Figure 6.4 for plot explanation. . . . . . .

Fit results for PupS-cc6 to Phoenix models. Top left: x? surface for models in the
(Ter, M/H) space with log(g) fixed at 0.0. The location of the lowest x? is marked
by the orange star, and the error bars show models within the uncertainty on that
x? value. Top right: x? surface for models in the (T.g, log(g)) space with M/H
fixed at -3.5. Both log(g) and M/H are not constrained by our photometry. Bottom:

Models within 1o of the lowest x? model, with our photometry and uncertainty

overplottedinteal. . . . . . . ... . ...

Model fit results for PupS-cc7. See caption of Figure 6.4 for plot explanation. . . . . . .
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ABSTRACT

To date the majority of planets known to exist outside of our solar system (exoplanets) have
been discovered indirectly, yet the direct detection of exoplanets is the future of exoplanet charac-
terization. Searching for signs of life (biosignatures) on worlds beyond our solar system through
the next generation of ground-based extremely large telescopes is one of the top priorities for the
next decade of astronomy. Yet this is extremely challenging from a technological perspective in
that planets are very close to their host stars and very faint, making it difficult to disentangle the
faint planet signal from the star. The Extreme Wavefront Control Lab at Steward Observatory is
developing technology and methodology for this challenging science through the MagAO-X in-
strument, an extreme high-contrast imaging instrument on the 6.5 m Magellan Clay Telescope and
a pathfinder for the high contrast imager GMagAQO-X which will be part of the upcoming 24.5 m
Giant Magellan Telescope planned for the 2030s. In my PhD work at the University of Arizona I
have employed the capabilities of MagAO-X, and it’s predecessor MagAO, for stellar and substel-
lar astrophysical research. In this work I will describe how we achieve high-contrast imaging with
MagAO-X, a survey I analyzed using binary stars for data reduction, a survey I designed using the
power of MagAO-X for exoplanet science through white dwarf stars in binaries, and simulation
work I am conducting preparing for exoplanet detections through reflected light with MagAO-X
and GMagAO-X.
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Chapter 1

Introduction

“Dad, do you think there’s people on other planets?”
“I don’t know, Sparks. But I guess I'd say if it is just

us... seems like an awful waste of space.”

Ted Arroway (Carl Sagan)
Contact (1997)
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1.1 Setting the Stage — the Scientific Context

I remember being a freshman in high school in 1995, sitting in my band uniform in the football
stands, talking to my peers, who probably couldn’t care less, about how the first planet beyond
our solar system had just been discovered. In my lifetime we’ve gone from knowing about the
existence of 9 planets (later downgraded to 8 of course) to knowing about the existence of 5,616
+ 8 planets (as of April 21, 2024). These are plotted as the grey dots in Figure 1.1, with our solar
system planets overplotted. We have uncovered an array of diversity of what planetary systems
can look like.

With this diversity of planets we have never been closer to being able to tackle the question of life
on other worlds. Searching for biosignatures on exoplanets through ground-based ELT adaptive
optics is the future of exoplanet science. The Astro2020 Decadal Survey, “Pathways to Discov-
ery in Astronomy and Astrophysics for the 2020s” (National Academies of Sciences, Engineering,
and Medicine, 2021), which identifies the top priorities for the next decade of astronomy, calls
for “a step-by-step program to identify and characterize Earth-like extrasolar planets [exoplan-
ets], with the ultimate goal of obtaining imaging and spectroscopy of potentially habitable worlds”
[“Pathways to Habitable Worlds” pg 2], and identifies investment in a large US Extremely Large
Telescope (ELT) program, including the Giant Magellan Telescope (GMT) and Thiry Meter Tele-
scope (TMT), as the top priority for ground based astronomy, citing the power of 20-40 mirrors
with diffraction-limited observing via adaptive optics (AO) for addressing every important science
case.

My work documented here encompasses astrophysics with current ground-based AO technology

and preparations for exoplanet detection and characterization with ground-based ELT AO.

1.2 Direct Imaging is the Future of Exoplanet Science

To date, the vast majority of exoplanets have been detected indirectly, through observing their
host star and the influence they have on it. Only a small fraction have been directly detected by
collecting photons emitted by the planet. As of this writing in the NASA Exoplanet Archive!

there are 70 directly imaged planets of the 5600 known exoplanets, or ~1%. Figure 1.1 shows

Thttps://exoplanetarchive.ipac.caltech.edu/


https://exoplanetarchive.ipac.caltech.edu/
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Figure 1.1: All currently known exoplanets in the Exoplanet Archive as of this writing (grey dots) with
literature occurrence rates overlaid, colored by occurrence rate. The region direct imaging is most sensitive
to (~10s-1000s of au and ~1-1000 Mj,;,) has exceedingly low occurrence rates. An interactive version
of this plot is available at www.loganpearce.com. References: Bowler (2016); Bowler and Nielsen (2018);
Bryan et al. (2016); Cassan et al. (2012); Fernandes et al. (2019); Fulton et al. (2021); Galicher et al. (2016);
Lafreniere et al. (2014); Lannier et al. (2016); Meshkat et al. (2017); Naud et al. (2017); Nielsen et al.
(2019); Poleski et al. (2021); Rameau et al. (2015); Vigan et al. (2021)

the occurrence rates of planets from literature in the region direct imaging is sensitive to (colored
boxes); most are less than 10%, meaning that of all the stars surveyed in a given survey, less than
1 in 10 had a detectable planet signal in the regime the survey was sensitive to.

Yet direct imaging is the best way to characterize exoplanets. Directly collecting photons from

the planet offers access to parameters unavailable to other detection methods such as transit and


www.loganpearce.com
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radial velocity detections?

. The most readily available observations are the astrometry (relative
and absolute position) and photometry (brightness in different wavelength ranges), which provides
orbit, brightness, and variability information; coupled with precise distance and age information,
evolutionary models can provide mass and formation process constraints. Precise astrometric mea-
surements of companion position relative to the star, along with the star’s absolute astrometry, espe-
cially covering a long time baseline, can be used to determine companion mass without any model
dependence, which can in turn provide feedback to evolutionary models. Population level studies
and occurrence rates can identify population level trends informing formation processes. Orbit
studies can also inform formation processes through (mis)alignment of any of planet orbit/binary
star orbit/host star spin axis/planet spin axis, and planet impact on observed disk features. Di-
rect detection of planet photons from thermal emission through the atmosphere or from starlight
reflecting off the atmosphere directly probes atmosphere composition through molecular absorp-
tion or emission lines and continuum shape, which probes cloud properties, pressure-temperature
profiles, and chemical processes, in both broadband and low- and high-resolution spectroscopy;
compared to transit spectroscopy which only probes the upper atmosphere haze along the edge of
the planetary disk. (Follette, 2023)

Direct imaging with ELTs will also be essential for biosignature detection. Figure 1.2 shows two
plots from Hardegree-Ullman et al. (submitted) examining detection of the biosignature O, with
transit spectroscopy. Transit spectroscopy involves observing the spectrum of a star as a planet
transits across the disk of the star. During the transit, light from the star will pass through the
edges of the atmosphere (on the terminator) and encode information about the composition of the
atmosphere. Detection of O, via transit spectroscopy will take a survey of hundreds of years with
current planned ELT's in the most optimistic scenario (Figure 1.2 left). Meanwhile a 10 year survey
for O, via direct spectroscopy with the European ELT or GMT will deliver 5-15 O, detections
(Figure 1.2 right). And direct spectroscopy integrates the detection over the entire planet disk (for
thermal emission) or a portion of the disk (reflected light) rather than just light passing through the
atmosphere at the terminator. Direct imaging is the most effecient and information-rich probe of

Earth-like planets and biosignatures.

Transit: observing the period dimming of a star’s light as a planet passes in front and obscures a portion of the
star’s disk. Radial velocity: observing the cyclic motion of a star towards and away from the observer due to the
gravitational influence of the planet
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Figure 1.2: Two plots from Hardegree-Ullman et al. (submitted) comparing the detection of oxygen in an
Earth-like exoplanet via transit spectroscopy and direct detection with an ELT. In the most optimistic case,
a transit spectroscopy survey with a GMT-size telescope will take hundreds of years to detect one Earth-like
oxygen signature. Via direct detection, a GMT-size telescope can make approximately 5 detections in 10
years.

Direct detection of planets, however, is extremely hard, and it’s easy to see why. Stars are bright
and planets are not. Figure 1.3 illustrates the contrasts (the ratio of planet flux to star flux) involved.
The contrast of a young Jupiter to a Sun-like star is similar to contrast of a firefly to a lighthouse;
for a mature Jupiter it is similar to bioluminescent algae to the lighthouse! We are trying to tease
out a signal of something that is 1 million to 10 billion times fainter than the thing right next to it. In
Figure 1.1, the directly imaged planets (grey dots in the yellow boxes) all have masses 210 My,
meaning pretty much all are several times larger than Jupiter, because they glow more brightly in
thermal emission than lower mass planets and thus have lower contrasts (more below)

Proximity to the star is an additional challenge.
In Figure 1.1, the directly imaged planets are all at
separations 2> 10 au and out to 1000’s of au, mean-
ing most are beyond the orbit of Saturn in our solar
system and even well beyond the Kuiper Belt out to
the distance of the Oort Cloud. However, in Fig-

ure 1.1, there are thousands of planets closer to the




Lighthouse
~10,000 candela

Firefly
~0.01 candela

Bioluminescent algae
(dinoflagellates)
~0.00001 candela/cell
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Figure 1.3: Illustration of the contrasts involved in directly imaging exoplanets, reproduced from Follette

(2023)

their host stars than the Earth is from the Sun; there
are even entire exo-solar systems closer to their star
than Mercury is from our Sun (e.g., the Trappist-1
system, Gillon et al., 2017). This is mainly due to
detection capabilities — detection methods like tran-
sits and radial velocity are more sensitive to close
in planets, while direct imaging is more sensitive to
widely-separated planets.

So the most basic nature of the problem in di-
rect imaging is to push technology to detect fainter
objects (higher contrast) at closer separations. The
MagAO-X instrument at Steward Observatory is a

technology development platform for driving direct

imaging technology and capabilities. The ultimate science goal of MagAO-X is to detect nearby
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terrestrial planets in reflected light, and the team is developing innovative technology and ob-
serving strategies for getting there. It is also a platform for building towards GMagAO-X, the
planned high-contrast imaging instrument for the GMT.

The next sections outline how we directly detect exoplanets and how we accomplish high-

contrast imaging.

1.3 Direct Detection of Exoplanets

1.3.1 Thermal Emission

Stars form from the gravitational collapse of molecular gas and dust in giant molecular clouds.
Figure 1.4 shows a JWST NIRCam image of the famous “Pillars of Creation”, where young stars
are in the process of forming in the dense regions of the cloud, assisted from intense high-energy
radiation from some nearby very hot stars just outside the image to the upper right. Planets are also

forming around those stars, and are believed to form through two mechanisms:

1. A top-down formation in which a smaller amount of gas and dust from the same molecular
cloud undergo gravitational collapse in a manner similar to the star. Massive giant planets

and brown dwarfs are believed to form in this manner.

2. A bottom-up formation in which small debris left over (pebbles) from the star’s formation
coalesce and accrete gas and dust as they slowly build up mass. Terrestrial and gas giant

planets are believed to form in this way. *

Regardless of how it is accreted, as material accretes it falls down the gravitational potential well
of the protoplanet, exchanging gravitational potential energy for heat energy, so young forming

objects are heated as they grow. These objects don’t have enough mass to attain the temperatures

3There is a bit of disagreement about what constitutes a “planet” on the high-mass end versus a brown dwarf.
Brown dwarfs are substellar objects too small to ignite hydrogen fusion but larger than a planet, but where is the
planet/brown dwarf line? The accepted dividing line is 13 Mj,,— objects above 13 My, can fuse deuterium in
their cores when they are young. But this is imperfect. Is a 10 My, object that formed via gravitational collapse a
planet, since it’s below 13 Mj,,;,, but it formed like a brown dwarf? But formation mechanism is hard to determine
observationally whereas mass is easier. Is a free-floating 10 Mj,, object a planet even though it has no host star?
Maybe there shouldn’t be a distinguishing line at all, it’s all one large mass function all the way down. But surely
bottom-up vs top-down formation matters? All of this is a still very much an open question to date, and one I find very
interesting. Since this work doesn’t address this question, I will use the term “planet” or substellar object or planetary
mass companion and not worry too much about it here.
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necessary to ignite hydrogen fusion in their cores, and they radiate their heat of formation away
with no heat source to replace it. So planets and brown dwarfs are hot when they are young, but
cool as they age.

Objects glow at different wavelengths of light corresponding to their temperatures, a function
in physics known as black body radiation *. The temperature of the black body describes the
shape of the emitted energy as a function of wavelength. At the effective temperature of the Sun’s
atmosphere (~5700 K), the peak of the emitted light is around the color yellow (which is why the
Sun can be described as yellow); for a cooler star, the black body peak shifts to longer wavelengths
and the star appears redder. Figure 1.5 (top) shows emission curves for a black body at four
different temperatures (normalized to the peak flux being one, to emphasize the location of the
peak for each curve). As an object cools its peak emission shifts to longer and redder wavelengths.
The grey curves show several common telescope filter transmission as a function of wavelength,
g, 7,1, and z in visible wavelengths, ./, H, and K in near-infrared wavelengths. For a Sun-like star
its flux will be highest in visible filters  and 7, whereas for a cooler object the flux will peak in
the near-IR. Figure 1.5 (bottom) shows model spectra® of thermal emission as a planet cools as it
ages; the planet flux drops by ~12 orders of magnitude as it cools from 2300 K to 230 K.

Young high-mass planets and brown dwarfs (<300 Myr) thus will glow brightest in near-IR
wavelengths, and get fainter and redder as they cool. By the time objects are several Gyr old, their
heat from formation is long gone, and equilibrium temperatures are now set by thermal flux from
interior processes and by incident radiation from their star.

All of the direct imaging planet and brown dwarf companion detections to date have been
through thermal emission of hot young objects. Direct imaging planet searches traditionally have
targeted young star forming clusters where the age and cluster membership is relatively well con-
strained and young planets can be expected to be brightest in the 2—-10 pm range (e.g. Nielsen et al.,
2019, and other references in Figure 1.1). Objects < 10’s of Myr have contrasts of 1073~10~% in
the 3-5 pm range because their temperatures are ~500-1500 K. Chapter 4 of this work analyzes

data from a young-star survey with images in a filter centered at 3.9um.

4An common example is the coil on an electric stove glowing red when its hot
Sas shown in the PICASO tutorials found here: https://natashabatalha.github.io/picaso/notebooks/workshops/
SaganSchool2021/3_Chemistry.html


https://natashabatalha.github.io/picaso/notebooks/workshops/SaganSchool2021/3_Chemistry.html
https://natashabatalha.github.io/picaso/notebooks/workshops/SaganSchool2021/3_Chemistry.html

42

As we saw in Figure 1.1, the regimes accessible to thermal emission surveys have yielded low
occurrence rates, requiring a shift in observing strategy to regimes we know have a lot of planets,
namely older (and therefore cooler) and closer systems. Several researchers at UA are designing
surveys in the 10um wavelength region, which presents challenges from optics and also from
thermal emission from the Earth’s atmosphere, which is bright at those wavelengths. Another

strategy is to abandon thermal emission and shift to detecting planets in reflected light.

1.3.2  Reflected Light

This will be discussed in detail in Chapter 7, but
I lay out the basics here. Just as the Moon reflects

the Sun’s light, we can also detect exoplanets via

the light they reflect from their host star. Reflected

observer

light exoplanet detections do not depend on age, and \ I ,
contrasts are lower at closer separations, and so al-

- (|
low probing the regions where we know there are al- , \

ready thousands of planets detected via other meth- phase angle

/_\

. . star
ods. However, the contrasts involved in reflected

light are several orders of magnitude higher (fainter)

than young massive planet thermal emission.

exoplanet

The reflected light contrast depends on: 1. planet
Figure 1.6: Diagram illustrating the definition

radius, 2. planet/star separation, 3. planet view- of phase angle o

ing phase, 4. planet atmosphere properties (albedo).

Contrast as a function of wavelength and phase for a diffusively scattering® surface is given by

(1.1)

Cla, A) = Ag(N) (&)2 {Sma + (m —ajcosa

r ™

where ) is the wavelength, A ()) is the geometric albedo as a function of wavelength, R, is the
planet radius, r is the star-planet separation, and « is the viewing phase angle (Cahoy et al., 2010,

2017).

bscatters isotropically, like a matte surface, as opposed to specular reflection like a mirror
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Figure 1.5: Top: Blackbody radiation as a function of wavelength for objects are four different temperatures,
5000 K (yellow), 3000 K (red), 2000 K (dark red), and 1000 K (brown). The curves have been normalized
such that their peak flux is equal to one, to emphasize the location of the peak for each curve. As objects
cool, the peak of their emission shifts to longer and redder wavelengths. Filter curves for several common
filters are shown in grey. Bottom: Thermal emission model spectra from PICASO (Batalha et al., 2019)
exoplanet atmosphere modeling code for planets as they age and cool (effective temperature decreasing and
surface gravity increases).
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Geometric albedo is defined as the ratio of the reflected light to light reflected by an idealized flat

FR (OCZOO 7)\)

diffuse reflecting surface of the same area: A (\) = O

, where F7()) is the incident flux
from the star and Fr(a = 0°, \) is the reflected flux at full phase (v = 0). Exoplanet atmospheres
and surfaces will have different albedos at different wavelengths, translating to varying observed
contrasts enabling characterization.

The classical phase function ®(«) describes the fraction of light reflected relative to full phase,

sin a+(r—a) cos The

from 0.0-1.0; in the Lambertian scattering example Eqn 1.1 above ®(a) = —

phase angle « is defined as the angle between the light source (the star) and the observer, illustrated
in Figure 1.6, with full phase at « = 0°, quarter phase (quadrature) at « = 90° and new phase at
a = 180°.

Contrast also goes as 12, giving a degeneracy between planet radius and phase — a small planet
at full phase can have the same contrast as a large planet at large phase angle. This will be discussed
in detail in Chapter 7.

In Chapter 7 of this work I go into detail on reflected light observations, discuss how we are
preparing for reflected light planet detections with current and future instruments, and the initial

modeling work I am conducting for these observations.

1.4 How We Accomplish High-Contrast Imaging

High-contrast imaging (HCI) refers to a suite of techniques employed towards suppressing the
light from the bright thing (star) to reveal light from a nearby faint thing (like a planet or disk);
the contrast (the ratio of flux from the faint thing to flux from the bright thing, contrast= FFO#)
between the star and planet is extremely high, with planets being from about 1 million to 10 billion
times fainter than their nearby stars.

Figure 1.7 displays simplified diagrams of the adaptive optics and coronagraph systems in a
basic high-contrast imaging system. Starlight is a flat plane wave by the time it reaches the top of
the atmosphere and is distorted by turbulence before it hits the primary mirror. The light is sent
from the telescope to a deformable mirror, which reflects light into a beam splitter which sends
some light to a wavefront sensor and the rest to the coronagraph system. The WFS senses the

distortion and sends a control signal to the DM which pushes and pulls on actuators, deforming the

surface of the DM to correct out the distortions and return the light to a flat plane wave — this is the
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Figure 1.7: Simplified diagrams of adaptive optics and coronagraph systems. See text for details.

adaptive optics (AO) system. The light then travels to the coronagraph system. A Lyot coronagraph
is an obstruction that blocks the on-axis light (starlight, red) allowing off-axis light (such as a faint
companion, black dashed line) to pass through to the detector. Finally we remove residual starlight
in the image using post-processing techniques to reveal the faint companion (white arrow).

Figure 1.8 illustrates the effect of adding each stage of high-contrast imaging on the resulting
image. With no AO correction applied, the atmosphere causes the light from the star to spread out
and bounce around on the detector — this is a term astronomers call “seeing”, how much the light
from a point is spread out in an image. The image is “seeing-limited” — the parameter that sets the
size of the point spread function (how light from a point source [star] is spread out on the detector;
PSF) is the amount of turbulence and distortion from the atmosphere. When the AO system is
turned on, the DM restores the starlight to as close as possible to a flat plane wave. The parameter
that sets the size of the image on the detector is now set by the fact that light is a wave and is
diffracted by the telescope mirror and other obstructions. The image is now “diffraction limited”.
Even though we’ve corrected the distortion, we still have to deal with the fact that light is a wave,
and as it interacts with the telescope pupil and obstructions it will diffract, creating an “Airy”
pattern with a tight central core and rings of decreasing amplitude extending radially. The full-
width at half maximum (FWHM) of a diffraction-limited PSF is ~ % where ) is the wavelength
and D is the telescope primary mirror diameter, and § describes the radius of the diffraction limited

core. The ability to distinguish two point sources close together (the resolution) is now set by the
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263 mas

No AO correction Extreme AO correction + coronagraph + PSF subtraction

Figure 1.8: Reproduction of Figure 5 from Currie et al. (2023) showing the effects of adding different
stages of a high-contrast imaging system (in this case SPHERE on VLT). Left: no AO correction, seeing-
limited distorted starlight. Center left: AO correction applied, diffraction-limited point spread function, with
diffraction effects and speckles visible. Center right: AO + coronagraph, a “dark hole” in which speckles are
suppressed is visibile in a ring surrounding the central obscured star; the faint off-axis companion is visible
just to the lower right. Right: AO + coronagraph + PSF subtraction applied, now the starlight is almost
entirely removed and the faint companion is clear.

telescope mirror and the wavelength of light you’re observing in. The diffraction limited resolution
of a 6.5m telescope in the “red” 7’ filter (A\y = 0.613um) is 0.02”, compared to a good seeing-
limited observation at Las Campanas Observatory in Chile of 0.5”. A larger diameter primary
mirror, such as the GMT’s 25.4 m mirror, provides much higher spatial resolution compared to the
Magellan Clay Telescope’s 6.5 m mirror or even the James Webb Space Telescope’s 6.5 m mirror,
so large-primary ground-based telescopes are essential for probing close-in regimes. Additionally,
detecting planets in bluer (shorter) wavelengths also provides higher spatial resolution, since the
size of the Airy pattern scales with wavelength. Detecting planets in reflected visible light (where
they are brightest) allows for closer-in planets than thermal emission because they are detected in
visible rather than IR wavelengths. This will be discussed in detail in Chapter 7.

Additionally, imperfections in the optics and imperfect AO correction cause coherent scattered
starlight called speckles, which act as copies of the PSF which increase noise and can be mistaken
for astrophysical signals (giving a false positive planet detection). The addition of a coronagraph
blocks the central starlight but allows off-axis light from, for example a planet, to pass through.
The combination of AO and a coronagraph creates a “dark hole” — a region where scattered and
diffracted starlight is suppressed and detectable contrast is much higher. There are several dif-
ferent coronagraph types and techniques which are beyond the scope of this work. Finally, post-
processing techniques remove instrument and optical artifacts and leave behind genuine astrophys-

ical signals. Post-processing will be covered in more detail in Chapter 2.
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Figure 1.9: A schematic of MagAO-X rendered by Joseph Long using the solid model of Close et al. 2018.
Red: light from the telescope first encounters the woofer DM, then the 2k tweeter DM. Light is then split by
a beam splitter (purple circle) into a path to the science cameras and a path to the pyramid wavefront sensor
(orange). Green: light to the science cameras first enters the coronagraph system and the NCPC DM. Blue:
finally light arrives at the two science cameras. See text for more detail.

MagAO-X is an Extreme Adaptive Optics (ExAO) instrument built by the Extreme Wavefront
Control Lab (XWCL) at Steward Observatory at the University of Arizona (Males et al., 2022).
ExAO improves upon the simple diagram above by improvements in DMs (more actuators, faster
correction speeds), coronagraphs, and cameras. It sits on the Nasmyth platform of the Magellan
Clay telescope, a 6.5 m telescope at Las Campanas Observatory in Chile.

A schematic of MagAO-X is shown in Figure 1.9. Starlight entering MagAO-X is reimaged

via off-axis parabolic mirror to the two DMs marked by the red box: the 97 actuator “woofer”
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DM which corrects for large spatial scale aberrations followed by the 2K actuator “tweeter” DM
which corrects for small spatial scale aberrations, similar to low- and high-frequency woofer and
tweeter speakers in a stereo system. Light then enters the beamsplitter where some of it is sent
off the the pyramid WFS (orange box) and the rest is sent to the coronagraph system (green box).
Before the coronagraph there is an additional DM, called the non-common path corrector (NCPC)
DM, an innovation in MagAQO-X which corrects for light going to the science camera that takes
a different path than light to the WFS. Finally the light arrives simultaneously at the two science
cameras (blue box), which enables simultaneous observations in two filter bands. Finally, there
is an integral field unit spectrograph, VIS-X (not pictured), which exploits MagAO-X’s resolution
and extreme wavefront control for high-resolution spectroscopy. For more detail on the mechanical
design of MagAO-X see Close et al. 2018.

Figure 1.10 illustrates the effect of turning MagAO-X’s HCI system on a bright star with a
hidden companion.

Unlike other HCI instruments targeting thermal emission, for reflected light we need to observe
the planets where the star is brightest, in optical wavelengths. MagAO-X uses four broadband
optical filters: g’ (A\g = 0.527um, Adeg = 0.044um), r' (A9 = 0.614um, Adeg = 0.109um), i/
(Ao = 0.762um, Adeg = 0.126pm), and 7' (A9 = 0.908um, Adg = 0.130um), as well as two
narrowband filters for the hydrogen Balmer « line (A\g = 0.656um, Aleg = 0.009um) and con-
tinuum (g = 0.668um, Aleg = 0.009m), and methane (A\g = 0.875um, Adeg = 0.026pm) and
continuum (\g = 0.923um, Aleg = 0.023m)’. MagAO-X has a diffraction-limited resolution of

29 mas in z’ and 20 mas in r’, with 5.9 mas per pixel (Long et al., submitted).

1.5 This Work

In this dissertation I will describe how I have made use of AO instruments past (Keck/NIRC2
and MagAO), present (MagAO-X), and future (GMagAO-X) for stellar and substellar detection and

characterization. One common theme in all my work has been (sub)stellar binarity and dynamics.

TFilter specifications and filter curves can be found in the MagAO-X instrument handbook at https://magao-x.org/
docs/handbook/index.html


https://magao-x.org/docs/handbook/index.html
https://magao-x.org/docs/handbook/index.html
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Figure 1.10: Stills from a movie recorded during the 2024 A observing semester of the star pi Pupis taken in
the 2/ filter. Left: with the AO off the star is distorted and the faint companion, indicated by the red arrow, is
not visible. The star’s signal bounces around on the detector. Right: with the AO on, the star signal becomes
fixed on the detector and diffraction-limited, and the faint companion is now easily seen (red arrow). The
other symmetrical point-like signals are speckles caused by the diffraction from the tweeter and NCPC DMs.



Chapter 2

Concepts

“Looking up into the night sky is looking into infinity
— distance is incomprehensible and therefore

meaningless.”

Douglas Adams
Hitchhiker’s Guide to the Galaxy

“Well, I mean, yes idealism, yes the dignity of pure
research, yes the pursuit of truth in all its forms, but
there comes a point I’'m afraid where you begin to
suspect that the entire multidimensional infinity of
the Universe is almost certainly being run by a bunch

of maniacs.”

Douglas Adams
Hitchhiker’s Guide to the Galaxy
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In this section I will go a bit deeper into concepts underlying my work and which are used in my

analyses.

2.1 Image Post-processing

As outlined in Chapter 1, high-contrast imaging is enabled by starlight and speckle suppression
upstream of the science camera, and by post-processing after the images have been obtained. Here
I will briefly discussion post-processing algorithms, especially the ones employed in my analyses

in this work.

2.1.1 Image Reduction Algorithms: Observing Strategy

The goal of post-processing is to remove the star’s point-spread function (PSF), scattered starlight,
and speckles without removing any of the signal of a true astrophysical source such as a planet or
disk. This is accomplished by constructing a model containing the stellar PSF and all speckles and
optical artifacts, but does not contain any companion signal, and subtracting it from the science
target images; there are several clever observing tricks to play to obtain an accurate PSF model to

fully remove unwanted signal and fully retain wanted signal.

Reference Differential Imaging

Reference Differential Imaging (RDI) involves observing another star, using that star’s PSF as a
model PSF, and subtracting it from your science target images (Smith and Terrile, 1984). Reference
images can either be obtained concurrently with science observations by observing another nearby
star of similar magnitude, or constructed from a large library of high-quality images of reference
stars (e.g Sanghi et al., 2022). RDI is especially advantageous for disk imaging and for objects at
small angular separations (Ruane et al., 2019). A disadvantage is that the reference and science
images aren’t obtained simultaneously so differences in conditions, either spatially or temporally,
between science and reference nearly always hinder PSF subtraction. Figure 2.1 illustrates classical

RDI with an observed nearby star.
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psf model -
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reference images

subtract psf finalimage
model from
science images

reference images

Figure 2.1: Illustration of classical RDI. A science target with a hidden companion (red) and a reference
star are observed. The PSF model is constructed as the median image of the reference star images, then
subtracted from every science image. The final image is taken as the derotated and medianed (or summed)
image of subtracted science images.

Angular Differential Imaging

Angular Differential Imaging (ADI, Marois et al., 2006) exploits the Earth’s rotation to obtain
differentiation between images of the science target to allow PSF reconstruction without observing
another star. For an AltAz telescope, using pupil-tracking mode, the sky is allowed to rotate
throughout the observation while the pupil is fixed with respect to the detector. As the field rotates,
optical artifacts such as speckles and diffraction spikes remain fixed on the detector while true
astrophysical signals like a companion rotate. Given enough rotation angle, a reference PSF can
be constructed from the fixed features that don’t move over time, distinguishing speckles, which
are copies of the PSF, from PSFs caused by genuine signals. When the images are PSF-subtracted
and derotated, the star signal is removed but the companion signal remains. Related to ADI is
roll-subtraction for space-based imaging, where PSF references are derived from different satellite
roll angles of the same star (e.g Schneider et al., 2014). Figure 2.2 illustrates the ADI process.

A disadvantage of ADI is the potential for source self-subtraction, especially for extended

sources like disks and sources at small angular separations. Without sufficient rotation throughout
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B = median(A)

E = median(D/)

D, = derot(C)

Figure 2.2: Illustration of classical ADI, reproduced from AstroBites article by Jessica Donaldson (https://
astrobites.org/2013/06/09/1owest-mass-exoplanet-discovered- via-direct-imaging/). As the star is observed,
the field rotates, and the companion signal (red) rotates through the fixed optical artifacts (white). A PSF
reference is made from the median of the entire observation — since the companion moves through the field
it is not contained in the median image. The PSF model is then subtracted from each image in the dataset,
removing fixed artifacts but leaving the companion signal, and the final image is taken as the median of the
derotated and subtracted images.

the dataset, the signal of interest will not be sufficiently separated in subsequent observations as to
not be included in the model PSF, resulting in negative lobes on either side where the source has
subtracted itself. Additional perturbations outside of the optics, including wind-driven halo, also

will not be subtracted by ADI.

Spectral Differential Imaging

Spectral (and/or Simultaneous) Differential Imaging (SDI) exploits differences between the star
and planet spectrum at different wavelengths, and the fact that optical artifacts scale with wave-
length while astrophysical signals do not, as the source of differentiation separating optical artifacts

from astrophysical signals.


https://astrobites.org/2013/06/09/lowest-mass-exoplanet-discovered-via-direct-imaging/
https://astrobites.org/2013/06/09/lowest-mass-exoplanet-discovered-via-direct-imaging/

54

One common use of SDI is in imaging young accreting protoplanets. As a young planet is
forming, material accreting onto the growing planet is heated as it exchanges gravitational potential
energy for heat, exciting electrons into higher energy states. As the electrons decay back down
they emit light at specific wavelengths (\) corresponding to the difference in energy levels. The
hydrogen Balmer « line (Ha, A = 0.656 pm) corresponds to the electron transition from the n = 3
to n = 2 energy level, so young forming gas giant planets emit strongly at that wavelength. Using
a narrow photometric filter centered at the Ha wavelength and another centered just off the Ha
line (the continuum filter), we can scale the continuum image to model the stellar PSF and subtract
from the Ho image and reveal sources emitting at the wavelength (called simultaneous differential

imaging, e.g. Close et al., 2014; Wagner et al., 2018; Close, 2020)

Intensity Intensity Intensity

A=1.21um A=129um A =1.43um

Figure 2.3: Stills from an animation produced by the SCExAO/CHARIS team of slices from a datacube
produced by the CHARIS IFU (Currie et al., 2019). As the wavelength gets longer diffracted optical fea-
tures move outward (left to right) but the companion signal (red arrow) does not, distinguishing a genuine
astrophysical signal from nearby speckles.

An integral field unit spectrograph (IFU or IFS) also enables SDI. IFUs disperse light using a
microlense array, fiber bundles, or image slicer, producing spectral information at points in the
image plane. A data cube is then produced of the source at varying spatial points and spectral
wavelengths. This enables SDI through extracting spectral features of signals of interest in a way
similar to narrowband filters (e.g. Haffert et al., 2019).

Wavelength differences can also be used to distinguish genuine astrophysical signals from op-
tical features like speckles. Because the PSF scales with \/D, speckles and diffracted optical
features will scale as you move though the IFU datacube, while astrophysical signals will not.

This is illustrated in Figure 2.3 with slices from a datacube produced by SCExAO/CHARIS IFU
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(Currie et al., 2019). As wavelengths increases, the speckles move outward while the companion
signal (red arrow) does not.
SDI is frequently employed in concert with ADI (often called ASDI) to obtain a better PFS

subtraction and signal detection.

2.1.2  Applying the Model

Once the observation strategy of choice has been employed, optimally constructing the model
and subtracting the stellar PSF involves selecting an appropriate algorithm. For all algorithms,
signal recovery can be enhanced with the application of frame selecting (using only the highest-
quality frames), a high- or low-pass filter, gaussian smoothing, and unsharp masks to suppress low
spatial frequency structures and retain high frequency structures (point sources, disk features).

At its most simple, or “classical”, a PSF model can be constructed, in the case of RDI or ADI,
by making a median image of the reference dataset, subtracting the median image PSF model from
each image in the science target dataset, derotating the PSF subtracted images, and summing or
median-combining the derotated and subtracted cube.

The LOCI algorithm (Locally Optimized Combination of Images, Lafreniere et al. 2007; Currie
etal. 2012; Marois et al. 2014) makes use of the ADI cube or a large library of reference images to
construct an optimal model PSF from a linear combination of reference images with coefficients
optimized for sections of the image independently. Lafreniere et al. (2007) found that LOCI can
outperform classical ADI at small angles, with only marginal reduction in off-axis companion
light.

Currently the most widely used algorithm for PSF reconstruction is Karhunen-Lo¢ve Image Pro-
cessing (KLIP, Soummer et al., 2012), an application of Principal Component Analysis (PCA) to
imaging data (which is mathematically identical to LOCI but with the addition of modal trunca-
tion, Males, personal communication). PCA is a dimensionality reduction technique in which data
are used to construct a set of principal components which correspond to the largest dimensions of
variability — i.e., the first principal component describes the axis of largest variability, the second
describes the axis of most variability of what is left when the first component is removed, and so
on. The principle components comprise a new orthonormal basis set which are linearly uncorre-

lated; these are eigenvectors of the data’s covariance matrix. Dimensionality reduction is achieved
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by selecting the top n principal components to use in model construction, where n is an integer
less than the principal component dimensionality. The data can be projected onto the truncated
new basis set.

With KLIP, images in the reference dataset are decomposed into principal components, and the
science image is projected onto the new orthonormal basis up to n components (“modes”) to create
a PSF model, which is subtracted from the science image. Assuming there is no companion signal
in the reference set (either a reference star or the ADI image stack) the companion signal will not
be present in the KLIP basis, and so won’t be present in the reconstructed PSF model. (However,
there usually is a companion signal, especially for ADI, resulting in self subtraction).

The math behind KLIP is given in Soummer et al. (2012, Sec 2.2), but I reproduce here a
simplified explanation to help enable constructing a KLIP algorithm, including how this can be
coded in python (there are several ways to go about translating the math into code, this is how I
did it for the analysis in Chapter 4 of this work).

First construct a reference image dataset of /' images Ry from the reference library or obser-
vation (RDI), or by removing the image of interest from the image stack (ADI). Then for each

science target image 7"

1. Reshape Rx and 7' into a linear vector. Construct a mean image of the 7" and subtract so that

T has a zero mean value; Construct a mean image of Ry and subtract from each Ry image.

1 import numpy as np
# reshape science image and reference datacube:
shape=scienceimage.shape
p = shape[0]xshape[l]

= refdatacube[0]

np.reshape (scienceimage, (p))

N
T
7 R np.reshape (refdatacube, (N, p))
# subtract mean from reference images:
9 immean = np.nanmean (R, axis=0)
10 R_meansub = R - immean[None, :]
iy # subtract mean from science image

12 immean = np.nanmean (T)

13 T_meansub = T - immean [None, :]
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2. Construct a PCA basis set from the reference images such that'

1 K
ZKL = i pz:; cx(1hp) R, 2.1)

where Z is the Karhunen-Loeve (KL) basis set, cx(1),,) are the eigenvectors of the covariance
matrix and A, are the eigenvalues for & = [1...K]. Select the maximum number of modes to

use in PSF reconstruction, Ky,

i # compute covariance matrix:

)

cov = np.cov (R_meansub)

3 # compute eigenvalues (lambda) and corresponding eigenvectors (c)
4 # of covariance matrix. Compute only the eigenvalues/vectors up to
5 # the desired number of bases K_klip.

6 from scipy.linalg import eigh

7 lamb,c = eigh(cov, eigvals = (N-np.max(K_klip),N-1))

8 # np.cov returns eigenvalues/vectors in increasing order, so

9 # we need to reverse the order:

10 index = np.flip(np.argsort (lamb))

11 # sort corresponding eigenvalues:

12 lamb = lamb[index]

13 # sort eigenvectors in order of descending eigenvalues:

14 € = @ol
15 c = clindex]
16 # np.cov normalizes the covariance matrix by N-1. We have to correct

17 # for that because it’s not in the Soummer 2012 equation:
18 lamb = lamb x (p-1)

19 # Take the dot product of the reference image with corresponding

eigenvector:
20 Z = np.dot (R.T, c.T)
21 # Multiply by 1/sgrt (eigenvalue) :
2 Z = 72 x np.sqrt(1l/lamb)

'Note — for RDI this step can be done once, but for ADI this step must be repeated for each science image, since
for ADI the basis is formed from the other images in the same dataset.
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3. Compute the PSF estimator I by projecting the science image 7' onto the basis set Z up to

&)

)

desired number of KLIP modes K\, by taking the inner product of 7" with Z

Kuiip
=3 (1,22 2.2)

k=1

# Make K_klip number of copies of science image

# to use fast vectorized math:

T_meansub = np.tile(T_meansub, (np.max(K_klip), 1))

# Project science target onto KL Basis:

projection_sci_onto_basis = np.dot (T_meansub, Z)

# This produces a (K_klip,K_klip) sized array of identical

# rows of the projected science target. We only need one row:
projection_sci_onto_basis = projection_sci_onto_basis[0]

# This fancy math let’s you use fewer modes to subtract:
lower_triangular = np.tril (np.ones([np.max(K_klip), np.max (K_klip)]))
projection_sci_onto_basis_tril = projection_sci_onto_basis *
lower_triangular

# Create the final psf estimator by multiplying by the basis modes:

That = np.dot (projection_sci_onto_basis_tril[K_klip-1,:]1, Z.T)

. Finally compute the final image by subtracting the PSF estimator from 7" and reshape final

image back into image shape

F=T-1 (2.3)

# Truncate the science image to the number of requested modes to use:
T_trunc = T_meansub[:np.size (K _klip), :]

# Subtract estimated psf from science image:

F = T_trunc - Ihat

# Reshape to

F = np.reshape(F, (np.size(K_klip), *shape))
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Repeat that procedure for every science image in the dataset, derotate and combine the subtracted
images into a final image (in Chapter 4 I used a sigma-clipped mean).

The number of KLIP modes for a given reduction is a tunable parameter. KLIP algorithms
such as pyKLIP (Wang et al., 2015, which I make use of in Chapter 6) include additional tunable
parameters and parallel computational efficiencies beyond what I have shown here.

There are further observing and PSF subtraction algorithms such as polarization differential
imaging (PDI, Kuhn et al., 2001), coherence differential imaging (CDI, Bottom et al., 2017), and
applying KLIP to pixel time series vectors (TRAP, Samland et al., 2021; Long et al., 2023) which
are innovative but beyond the scope of this work.

In Chapter 4 of this work I describe an application of RDI called Binary Differential Imaging
(BDI), in which a ~equal-magnitude stellar binary is imaged with both stars on the detector at
the same time, so science target and reference image can be as close to identical as possible. In
Chapter 6 of this work I make use of classical ADI, KLIP ADI, and classical RDI in reduction of

various datasets imaged with MagAO-X.

2.2 RUWE and Other Indicators of Binarity

The European Space Agency’s Gaia satellite, launched in 2013, is revolutionizing astronomy.
Its mission is to measure the astrometry (the distance, position, and velocity) of ~1.7 billion stars
with extreme precision. Knowing the distance to an astrophysical object is the key to unlocking es-
sentially everything about it — e.g. size, luminosity, galactic position; knowing its velocity unlocks,
for example, dynamical history, group membership, the presence of hidden companions. Having
a sample of 1.7 billion object in and near our galaxy with extremely precise astrometric measure-
ments, [ don’t think it’s too much to say, will forever change our access to knowledge about the
universe.

As of this writing Gaia has had three data releases (DRs), each with progressively more num-
bers of objects with high and higher-quality astrometric solutions, and a few objects with com-
plete orbital solutions. Future data releases promise to include thousands of objects with orbits,
astrometrically-detected planets, and even the time-series astrometry for objects. Currently Gaia

DR3 provides a single time-stamp position, parallax, proper motion, and a host of other measure-
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ments (including T.g, luminosity, radial velocity, and even radius estimates for a small subset of
objects).

As I am interested in stellar and substellar multiplicity, Gaia provides a set of unique tools
to leverage towards disentangling the presence and dynamical effect of companions, both hidden
and known. In Pearce et al. (2020) I developed an orbit-fitting package, called 1oft i, for stellar
binaries for which both objects are resolved by Gaia . It is based on the Orbits for the Impatient
algorithm (Blunt et al., 2017) and uses the Gaia proper motion of one object relative to the other as
constraints for fitting the orbit, and returns a (loosely constrained) set of orbital elements consistent
with that motion. 1ofti has been used to show a trend towards alignment of wide stellar com-
panion and planet orbits for transiting planet-hosting stars (Christian et al., 2022), misalignment
between a stellar and planetary orbit (which are aligned) and the circumbinary disk (Barber et al.,
submitted to Nature) and in several other transiting planet discoveries with wide companions (e.g
Vanderburg et al., 2020, 2019; Venner et al., 2021; Newton et al., 2019; Hagelberg et al., 2020).

However the Gaia astrometric solution assumes a single star model for astrometric motion.
Despite the fact that a large fraction of stars are in multiple systems, only ~10% of stars have
noticeably non-linear motions over the relatively short time-span covered by the Gaia observation
window (0t pro = 668 days, 0t pprs = 1038 days) (Lindegren et al., 2021, Sec. 3.1). Wide multiples
may have periods too long to show significant curvature during the observation window; close
multiples my have periods so short that deviations in the photocenter (the center of light of the two
objects) position average out over the observation window.

The angular resolution (the minimum separation between sources with different source ids) is
0.18” by design, however sources separated by <0.6” generally only have 2-parameter solutions
in DR3 (see Lindegren et al., 2021, Sec 5.2 & Fig 6). The resolving power depends on relative
magnitude between components, and is ~0.5” for equal magnitude stars, up to ~1.2” for AG
= 5 (Gaia Collaboration et al., 2021). However it also depends on the positioning of a given
binary on the CCD at the time of the observation. Sources with separation =>1.2” can be observed
individually, but for separations <1.2”, depending on the position angle both stars may fall on the
detector simultaneously and cause confusion in the peak finding.

Figure 2.4 displays a schematic of the Gaia astrometric CCD from Gaia Collaboration et al.

2016, Fig 5 illustrating how sources are registered. Point spread functions (PSFs) of sources are
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Figure 2.4: Left: Figure 5 from Gaia Collaboration et al. (2016), displaying a schematic of the Gaia focal
plane CCD. The along-scan and across-scan directions are indicated in the top left corner. Stars move across
the focal plane from left to right in the diagram, illustrated by the yellow star and arrow, to the summing
well and transfer gate. This translates the PSF into a Line Spread Function (LSF). If more than one source
falls on the detector, multiple peaks will be present in the LSF, and the amount of blending of those peaks
depends on the position angle of the two sources relative to the along-scan direction. Right: Figure 7 from
El-Badry (2024) showing Gaia ’s view of an astrometric binary with components of different masses and
luminosities. Both objects orbit the center of mass (plus) and the photocenter traces out the dashed line, the
wobble Gaia would detect.
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read in the along-scan (AL) direction to the parallel summing well, which translates the PSF into
a line-spread function (LSF). If more than one source falls on the detector, multiple peaks will be
present in the LSF, and the amount of blending of those peaks depends on the position angle of the
two sources relative to the across-scan (AC) direction and their relative magnitudes. For example,
if the position angle is something like 30° with respect to the AC direction at the first observation
(t1), and at some time later (ty) the pair is observed with PA something like 80°, the photocenter
of the LSF will shift from t; to ty, especially if one component is fainter than the other. Kervella
et al. (2022) coined the term “Gaiacenter” for the epoch pointing of Gaia (after “Hippacenter” for
Hipparcos observations of double stars from Martin et al. 1997). For binaries from 0.17-1.27, the
“Gaiacenter” will be closer to the primary as a function of the two stars’ relative magnitude, and
will vary as a function of position angle on the detector. Thus the astrometric solution will be
perturbed, and we should expect significant astrometric error.

Summarizing Penoyre et al. 2021 Sec 2, they showed that astrometric identification is most
sensitive to binary periods up to the length of time spanned by the data collection period. If the
observation period spans only a fraction of the orbit, the deviation is approximately linear and
can be lost in the proper motion; if the binary period is small the astrometric deviation is small.
This establishes a period sensitivity range of months < P < 10 years. Binaries outside this period
range are generally probed via other methods. Periods 2 10 years are more likely to be visually
resolvable and identified as two separate astrometric sources with proper motions consistent with
being bound (see El-Badry et al., 2021); periods < months are tight binaries which can cause
measurable variation in the light curve or even transits. Photometric detection of binaries relies
on an overbrightness of source luminosity than that expected for a single star, but relies on the
dimmer source being bright enough to be detectable above uncertainty in the spectrum of the
brighter (we will see this in the discussion of M-dwarf-white dwarf binaries in Chapter 6). And
spectroscopic binaries, which can be observed over a wide range of periods, are limited to time
spanned by observations and the existence of spectroscopic features in both stars. Observing a
single system with multiple methods is a powerful probe of multiplicity and a necessary tool for

breaking degeneracies in parameters derived from observation (we will see this in Chapter 5).
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2.2.1 RUWE Definition

The Gaia Renormalized Unit Weight Error (RUWE) is a single number designed to encapsulate
all sources of error in the astrometric solution. RUWE is the square root of the normalized chi-

1/2 where

square of the astrometric fit to the along-scan (AL) observations, UWE= [x?/(n — n,)]
n is the number of good CCD observations of the source, and n,, is the number of fit parameters,
either 5 [parallax (), RA («), Dec (9), proper motion in RA (fin+ = [1,c086), and Dec (u5)] or 6 (5
parameters plus pseudo-color for those without high-quality color information) in DR3 (Lindegren
et al., 2021, Sec 3.1). UWE close to 1.0 is expected for well-behaved solutions of single stars.
However sources of extreme colors or magnitude can show UWEs larger than 1.0 even if the
solution appears reliable, so it is necessary to scale (renormalize) UWE by a factor depending on
the magnitude and color of the source; this is the RUWE. RUWE encapsulates all sources of error
in the fit to the astrometric model, and is easier to interpret than other indicators such as astrometric
excess noise, number of bad along-scan observations, or goodness of fit along-scan. RUWE then
is:
UWE

o L - 2.4
RUWE = 57 B (G 0) @4

where UW Ey(G, C) is the reference UWE value as a function of G magnitude and color of the
source. Lindegren (2018b) Sec 4 details the derivation of the normalizing factor. RUWE allows
establishment of a single value for assessment of the quality of astrometric solution, for distin-
guishing between “good” and “bad” solutions (Lindegren (2018b), Sec 1). RUWE ~ 1.0 for well-
behaved single star solutions; often a threshold of RUWE < 1.4 is used to indicate well-behaved
solutions (Lindegren, 2018b; Lindegren et al., 2021). Sources whose observations are inconsistent
with the astrometric S5-parameter model could be caused by unequal-magnitude binarity (Linde-
gren, 2018b, Sec 2) or other factors which cause the photocenter of the source to wobble during
the Gaia observation window.

RUWE is related to the chi-squared of the single-source astrometric fit. Equation (1) from

Belokurov et al. (2020):
N

2.5
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where v = N — 5 is the number of degrees of freedom, NV = astrometric_n_good_obs_al
which is the number of good observations along scan, 5 is the number of parameters in the DR2
(for which this paper was written, EDR3 and DR3 include 6 parameter fits for some sources).
R;, 0; are model residuals from fit and corresponding centroiding errors for a given observation
of a source. Anything that causes the photocenter to wobble — move differently than the center of
mass which moves as a single source — such as unresolved subsystems, will increase 2 of the fit

and thus the RUWE.

2.2.2  Interpreting RUWE Value

RUWE = 1.4 is often used as a cutoff threshold for “good” vs “bad”, but the reality is much
more complex and less straightforward than RUWE>1.4 = multiple, RUWE<1.4 = single star, and
should never be relied on in that way. Maiz Apellaniz et al. (2021), in their validation of EDR3 us-
ing globular clusters, found that the distribution of parallaxes for sources within 1.4<RUWE<2.0
had an average normalized parallax average of 0, and standard deviation < 4, and so were generally
safe to use after introducing an additional uncertainty term. RUWE>2 deviated from a normalized
average of zero and so have larger biases.

Belokurov et al. (2020) conducted a detailed study of RUWE relation to unresolved binary sys-
tems in Gaia DR2 for RUWE <2. Figure 2.5 shows Figure 1 from their paper, an HR diagram
of Gaia DR2 sources from their selection criteria (Sec 2.1), color-coded by RUWE. Two distinct
regions of elevated RUWE are evident, corresponding to main sequence (MS) multiples and white
dwarf - M dwarf binaries (WD+MD), evidence for a relation between multiplicity and RUWE.
They used the known binary systems of the SB9 spectroscopic binary catalog (Pourbaix et al.,
2004) to test RUWE and photocenter wobble correlation.

They parameterized the amplitude of the photocenter perturbation as

where 06 is perturbation in arcsec. Converting to perturbation in physical units:

da 00 D

— = — 2.7
AU mas kpc 2.7)
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Figure 2.5: Figure 1 of Belokurov et al. 2020 showing an HRD for 4M Gaia DR2 objects from their se-
lection criteria (see Sec 2.1) color coded by RUWE. Two distinct regions of elevated RUWE are evident,
corresponding to main sequence (MS) multiples and white dwarf - M dwarf binaries (WD+MD). The sup-
ports the claim that RUWE can be used to probe multiplicity.

They determine that, as predicted, the angular centroid wobble decreases inversely with distance,
and that Gaia is sensitive to perturbations for sources less than 2-3 kpc distant. Gaia’s sensitivity is
a function of mass and luminosity ratios. They estimate that for systems less than 1-2 kpc, systems
with semi-major axis between 0.1 - 10 AU can be detected. Wider binaries do not produce signif-
icant RUWE excess because the centroid perturbation is quasi-linear and absorbed into the proper
motion; these can still be detected through the proper motion anomaly (PMa; see Kervella et al.
2022; Brandt 2021 for PMa between Hipparcos and Gaia epochs). Their binary fractions, while
limited in ability, are not too far off from those in literature for SB9 and WD binary samples they
compare to, indicating that RUWE can be a reliable indication of the presence of an unresolved
companion.

However, Stassun and Torres (2021) also found strong evidence of correlation between RUWE
and unresolved subsystems, even for RUWE values less than 1.4. They used a sample of bench-

mark eclipsing binaries (EBs) to probe the mean offset of Gaia EDR3 parallaxes from the bench-
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mark sample, using RUWE as their primary astrometric goodness-of-fit indicator. Figure 2.6 (left)
displays Figure 1 (bottom) from their paper showing the absolute fractional parallax difference
between Gaia and EB parallaxes as a function of logRUWE, with systems with known subsystems
highlighted in blue halos. The largest parallax difference and largest RUWE values (top right) are
entirely populated by these systems. They report a high probability of correlation between parallax

difference and RUWE using statistical tests.
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Figure 2.6: Left: Figure 1 (bottom) from Stassun and Torres 2021 showing the absolute fractional parallax
difference between Gaia and EB parallaxes on the y-axis vs logRUWE. Blue halos mark EBs with known
tertiary companions. The largest parallax difference and largest RUWE values (top right) are entirely pop-
ulated by these systems. The red dashed line (added for this work) marks the nominal “good” value of
RUWE = 1.4. Right: Figure 3 from Stassun and Torres 2021 showing the same data as Figure 1, plotted as a
function of the amount of angular photocenter shift (aghot), with the relation of Equation 5 plotted in black
line.

The red dashed line (added for this work) marks the nominal “good” value of RUWE = 1.4,
below which the correlation persists. Stassun and Torres (2021) find that even below RUWE = 1.4,
the RUWE values are very strongly correlated with photocenter motion. Figure 2.6 (right) dis-
plays Figure 3 of their paper showing this correlation for RUWE<1.4. They determine a strong
correlation (r? = 0.82) for 1.0< RUWE <1.4 (which may extend out to RUWE ~ 1.8) of

aphot[mas] = 1.204 x log;, RUWE + 0.13 (2.8)
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shown by the black line in Figure 2.6 (right). This shows that RUWE is highly sensitive to un-
resolved companions and strongly correlated with photocenter motion, even within the “good”
range of 1.0-1.4, and can actually serve as a quantitative predictor of motion.

Penoyre et al. (2020) sought to quantify the effect of photocenter wobble of a single source

through numerical modeling. The motion induced by the companion increases the x? of the mea-

2

2 . where 60 is the angular perturbation and o2, is the

surement by a factor of xp,., = 06°/0 2

astrometric scatter in the measurement. Then, UWE predicted from these quantities is

2 2
Xtotal o0
Eored = 4/ =22 — ~ /1 2.
uw pred \/A]\/Yobs_5 \/ i (Uast> ( 9)

They conclude that for shorter period binaries (where period is less than the observational time

baseline), the photocenter motion gives increased error, which provides a lower limit to the on-sky
angular separation of the binary (there is the possibility that some of the binary motion is absorbed
into the center-of-mass motion errors). However it might be difficult or impossible to establish this
for any one given system. Periods significantly longer than observational baseline will just cause a
constant offset.

High RUWE values have been shown to also explain relative velocity vectors for wide stellar bi-
naries that appear to exceed escape velocity, apparent non-Newtonian motion, which has been used
as a test of alternative gravity theories. Clarke (2020) and Belokurov et al. (2020) showed that con-
tamination by sources with unresolved subsystems, and resulting high RUWE values, reproduce

the high-velocity tail exceeding escape velocity observed by Pittordis and Sutherland (2019).

2.2.3 Other Causes of RUWE Excess Besides Multiplicity

Marginally resolved sources. If the stellar image is perturbed from a single PSF but Gaia iden-
tifies it as a single source, it creates a large centroiding error. Belokurov et al. (2020) shows ex-
tremely high values of RUWE for known visual binaries with separation p <1.5”, reproduced here
in Figure 2.7. However there is no correlation between RUWE and p — at small separations
even faint companions can cause significant centroid displacement. They find that BP/RP excess
points to brighter companions and high variability, and that the bulk of semi-resolved double stars

could be filtered out by applying cuts to those parameters (see Figure 5 of their paper).
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Figure 2.7: Selected plot from Figure 5 of Belokurov et al. 2020 relating RUWE to separation of binaries in
Washington Double Star Catalog. Extremely high RUWE values are common for binaries with separation
less than 1.5”.

Variability. Belokurov et al. (2020) also report a correlation between RUWE and variability with
RR Lyrae, Cepheids, and long period variable sources, particularly for the brightest (5<G<14) RR
Lyrae stars, while there is little correlation for fainter stars (G>14). This correlation arises from
the normalization of RUWE on these stars. The variable object will be measured at a range of
magnitudes and colors and thus can’t be normalized using a single value of w,.

Source misidentification is also possible for sources in crowded fields or fast-moving sources.
If the position of one source is recorded as belonging to another for a few observations it can
introduce significant excess noise.

Unmodeled noise such as random changes in the source, telescope, data pipeline, underestima-
tion of astrometric error, etc (Penoyre et al., 2021, , Sec 4.1).

Disks Elevated RUWE has also been shown to result from the presence of a disk for young

sources (7 < 10 Myr; Fitton et al. 2022)

2.2.4  Other Tests for Binarity

Additional Gaia quantities can be useful for testing for unresolved binarity. Prior to the astro-

metric solution, the data passes the image parameter determination (IPD) stage, where the standard
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stellar model is fit to the image locations. Goodness-of-fit (gof) statistics from the IPD stage are
sensitive to deviations from the simple single point source model, as well as modelling and cali-
bration errors.

Here [ summarize (Lindegren et al., 2021, Sec 5.3) on other multiplicity metrics. ipd_gof_harmonic_ampli
measures the amplitude of the variation of goodness of fit as a function of the position angle of
the scan direction. It is normally small but can become large for elongated PSF images such as
unresolved binaries. ipd_frac multi_peak is the percentage of windows used for astrometric
processing that contained more than one peak, so it is sensitive to resolved binaries that produce
multiple peaks in the window in some scan directions. ast rometric_excess_noise quanti-
fies how much motion of the image center deviates from the standard astrometric model in angular
units (mas) per AL observation, while the astrometric_excess_noise_sig gives the S/N
of the excess noise;
astrometric_excess noise_sig < 2 is considered insignificant (essentially zero).
astrometric_excess_noise/astrometric_excess noise_sig may be used as an es-
timate of the uncertainty in the excess noise source. However, Belokurov et al. (2020) note that
for their subsample of Gaia DR2 solutions, only ~ half of sources with RUWE>1.1 have excess
noise > 0, that excess noise “saturates” to zero, and that it is susceptible to systematic trends as
a function of color and magnitude; thus RUWE is a better metric to test for binarity than excess
noise. . All of these are at play in Chapters 4 and 5.

Finally overluminosity in Gaia colors can indicate an unresolved multiple. Deacon and Kraus
(2020) examined known members of three young clusters and selected unresolved multiples using
their position above the main sequence, along with Gaia astrometric excess noise, to select likely
binaries; in Chapter 5 I use the position of HIP 67506 A among their candidate binaries as indica-
tion of a hidden luminous companion. Rebassa-Mansergas et al. (2021) used the position of Gaia
sources between the main sequence and the white dwarf sequence to select for white dwarf + M
dwarf binaries.

RUWE is one metric among many probing multiplicity. Figure 2.8 shows the parameter space

of binarity for which different Gaia metrics are sensitive.
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Figure 2.8: Reproduction of Figure 1 from El-Badry (2024) showing Gaia ’s parameter space of binarity
probed by different metrics. Objects in the red hashed region will be spatially resolved by Gaia , proper
motion anomaly (described in Section 2.3) probes the green region, Gaia ’s spectroscopic binary pipeline
catches objects in the teal region, and RUWE probes the pink hashed region, with some sources having full
astrometric orbits (yellow region).

2.2.5 Conclusion

RUWE is a very valuable parameter for testing the quality of Gaia solutions, but can’t be inter-
preted in any straightforward way and requires careful examination. Throughout this work I have
made use of the parameter as a signpost for multiplicity, one clue among many. For example, in
Chapter 4 and 5 I use it as one clue pointing to a candidate companion signal likely being real and
meriting followup; in Chapter 6 I use it to help prioritize observing targets. It is especially useful
when deciding to rely on the information provided by the Gaia astrometric solution for a given
source, such as if a 1ofti fit result is reliable (1ofti includes a warning if either sources have
RUWE>1.2). Until future data releases with more metrics and time series astrometry, understand-

ing RUWE is crucial but is not a cut-and-dry multiplicity metric.

2.3 Accelerating Stars and Proper Motion Anomaly

On the topic of astrometry and multiplicity, it’s worth spending a few pages talking about ac-
celerating stars. Before Gaia was the 1991 Hipparcos astrometric satellite mission. While not as
precise as Gaia , having a 1991 astrometric measurement and a 2016 astrometric measurement for a

single star means you can detect long-period accelerations, longer than what would perturb Gaia ’s
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measurement and so missed in quality metrics, but just right if you’re interested in low-luminosity
objects on wide orbits accessible to direct imaging, such as a wide giant planet or brown dwarf.
This is the latest revolution in direct imaging surveys. Uninformed “blind” surveys of young stellar
clusters, the primary mode of direct imaging surveys of the past decade, have returned very low
occurrence rates of wide orbit companions, illustrated in Figure 1.1, where the region from ~10 au
to 1000’s of au have occurrence rates in the single digits. These types of surveys are no longer
operationally feasible, and a new survey design is warranted.

The Hipparcos (Esa, 1997) satellite was an astrometric mission launched in 1989. Stars observed
in both Gaia (epoch 2016.0) and Hipparcos (epoch 1991.25) thus have two velocity measurements
spanning ~25 years. For single star, or an equal-luminosity binary, the proper motion vector ob-
served by Hipparcos and Gaia will be constant, however if the luminosity ratio p = Ly/L; < 1
and is less than the mass ratio ¢ = ms/my, the center of mass will shift and the photocenter follows
a “virtual orbit” (Kervella et al., 2019). This proper motion anomaly (PMa) points to the presence
of a low luminosity object exerting gravitational pull on the star. In 2018 Brandt (2018) produced
a well-vetted and calibrated catalog of accelerating stars called the Hipparcos-Gaia Catalog of Ac-
celerations (HGCA). Kervella et al. (2019) also independently produced a catalog of accelerating
stars.

The Kervella et al. (2019) and Brandt (2018) catalogs represent the objects most likely to have
companions accessible to direct imaging and a ready source for developing optimized target lists,
which is the direction the whole field has moved for direct imaging surveys (e.g. Currie et al.,
2021). Sebastiaan Haffert and I have developed the XOOMIES survey for the extreme AO instru-
ment MagAO-X targeting accelerating stars in the Scorpious-Centaurus star forming region. As of
this writing we have detected 3 XOOMIES companions out of 3 targeted, a 100% yield rate (Haffert
et al. in prep). PMa is a powerful tool for direct imaging surveys.

The math for long period accelerations (period longer than Hipparcos—Gaia time baseline of
25.24 yrs) is shown below. Figure 2.9 illustrates the derivation of the proper motion anomaly. The

acceleration of a star in the HGCA is given by

Apung
2fGaia - tHlp)/Q

Ao slte] = ( (2.10)
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ApPH = PH-MHG
Hipparcos Gaia DR2

Figure 2.9: Reproduction of Figure 1 Kervella et al. (2019) illustrating proper motion anomaly. The lumi-
nous object observed by Hipparcos and Gaia is labeled A and the less luminous object, which contributes
negligibly to the photometry, is labeled B. The observed proper motions of A are shown as pqgo/H, HHG
is the proper motion difference vector from Hipparcos and Gaia DR2 astrometric position («, §, @), and
Apga/n is the PMa vector where Apgo/m = paa/u — #uc- The motion A makes through space is given
by the dashed black line, while it would have followed the dotted blue line if it did not have the unseen
companion. Ay thus corresponds to the projected velocity vector of the photocenter around the barycenter.

(Eqn 9 in Brandt et al., 2019), where Apuy is the difference in proper motion between the Gaia
epoch and the Hipparcos—Gaia scaled positional difference, which is the most sensitive accelera-

tion measurement (Brandt et al., 2019), and

o 3tGrauia + tHip

ta
4

(2.11)
(Egn 10 in Brandt et al., 2019) is the weighted linear combination of the two reductions derived
in Brandt (2018). The plane-of-sky acceleration then is related to the mass of the object by

GM
(a5 = ——5 COS ¢ (2.12)
T
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(Eqn 4 in Brandtetal., 2019) where G is the gravitational constant, r is the true physical separation
in the orbit plane, ¢ is the angle between 7 and the sky plane, with p = 77 cos(¢), where p is the
projected sky plane separation and 7 is the parallax. Acceleration in the line-of-sight direction,

aRy, 18
GMp

sin ¢ (2.13)

arv =

(Egn 5 in Brandt et al., 2019), so with simultaneous measurements of ary, a.s, and p, there is a

unique solution for companion mass:

2/ 2 2 \3/2
P (ags + aky)
Mg = 2.14

(Eqn 7 in Brandt et al., 2019).

For short period orbits, these proper motions do not correspond to instantaneous accelerations
(Brandt, 2024), but companion masses can be well constrained when combined with astrometric
and/or RV measurements that span a large fraction of the orbit (e.g. Xuan and Wyatt, 2020; Venner
et al., 2021; Balmer et al., 2023).

Without the line-of-sight acceleration or projected separation, the acceleration only constrains
my /72, so it scales with companion mass and physical separation — a less massive object close in
can cause the same observed PMa as a larger object at a wider separation. (Kervella et al., 2019)

derives the following relation for a face-on orbit with Mp << M 4:

M A -1
B ,/ w/ ( plmas a”] 4740.470) (2.15)
mas

1

where the multiple term converts the given units to velocity in m s~". This gives a minimum
mass estimate for the object causing the PMa as a function of separation, since it only accounts
for the plane-of-sky acceleration. They estimate from geometrical and simulation arguments that
the projected minimum mass is 7 = 87733% of the 3d orbital PMa and estimate the deprojected

Companion mass as

M_]E_ My (Ap[masa™!]
v VG

with appropriately propagated uncertainties.

X 4740.470) (2.16)
n m[mas]
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Their final relation for the mass as a function of separation (r) is

B NG My v
M) = SV @ e @17

where 6t is the observing window for the astrometric mission, since the velocities reported are the

time averaged velocity over the observing window, where 0t =1227 d for Hipparcos (Perryman
et al., 1997) and 6t =668 d for Gaia DR2 (Gaia Collaboration et al., 2018); ( is a term correcting
for bias in orbital periods longer than the 24.25 yr baseline; v is the sensitivity variation of PMa
due to smearing of shorter period companions where period is less than observing window; and

the period is P(r) = / ‘gjf:

All of this is wrapped up in a python script provided by the authors for producing a PMa sensi-

tivity curve from a Hip-Gaia PMa. Figure 2.10 shows an example curve for one of the XOOMIES
targets. The peaks interior of ~0.03” are cause by period aliasing with the observing window; the
curve is linear with separation beyond ~0.1”. This is a good survey target because the minimum
mass given by this curve is in the giant planet regime.

I have made use of these curves in Chapters 3 and 5 of this work, in addition to developing
the XOOMIES target list. Another powerful use of PMa has been dynamical mass measurements.
Brown dwarf atmospheres and evolution are notoriously hard to model, and parameters derived
from models carry a lot of uncertainty. If the mass of the host star is well known, and the or-
bit can be well constrained, a dynamical mass independent of any modeling can be obtained for
brown dwarf and giant planet companions, enabling characterization and benchmarking evolu-
tionary models (e.g Brandt et al., 2019; Bowler et al., 2021; Franson et al., 2022; Sepulveda and
Bowler, 2022; Rickman et al., 2024)
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Figure 2.10: A proper motion anomaly sensitivity plot for a XOOMIES target.



Chapter 3

Boyajian’s Star B: The Co-Moving Companion to KIC 8462852 A

“Scientists have resolved the mystery of bizarrely
dimming star Boyajian’s star saying that the alien
megastructure” is not alone... As per astrologers, KIC
8462852, also known as Boyajian’s star, seems to
have a binary companion that could be contributing

to its irregular dips in its brightness. ”

WION News covering this paper
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This chapter is reproduced from Pearce et al. 2021

3.1 Introduction

Many possible causes have been posited to explain the unusual light curve of KIC 8462852
(a.k.a “Boyajian’s Star”) discovered in Boyajian et al. 2016 (hereafter B16). KIC 8462852 exhibits
large, possibly aperiodic dips in a variety of shapes, inconsistent with an exoplanet explanation
(B16). There has been significant interest in the system, with many suggested explanations from
the beginning of a Late Heavy Bombardment-like period (Bodman and Quillen, 2016), to inter-
stellar clouds or an intervening object (Wright and Sigurdsson, 2016), to uneven circumstellar
material (Wyatt et al., 2018), to alien megastructures (Wright et al., 2016). Some explanations
such as recent cataclysmic dust-generating events (Marengo et al., 2015), massive debris disks
(Thompson et al., 2016), close-in obscuring material or YSO-like behavior (Lisse et al., 2015),
and instrumental effects (B16) have already been ruled out as explanations.

The break-up of exocomets or planetesimals on eccentric orbits was preferred given the observa-
tions (Thompson et al., 2016), although Bodman and Quillen (2016) showed this idea does not fully
explain all the dips, nor the apparent long term dimming trend (Montet and Simon, 2016). Simon
et al. (2018) showed the long-term dimming trend may be part of a more complicated episodic dim-
ming and brightening. Boyajian et al. (2018) report post-Kepler observations that show consistency
with optically thin dust and intrinsic variations of the star, while Mart{\’\i}nez Gonz{\’a}lez et al.
(2019) found no clear evidence of comets and evidence for clumps of thick material within the thin
dust.

A faint possible companion star was observed at separation p = 1.95”, position angle PA=
96 £ 6, and AH = 3.840 + 0.017mag by B16, but given their single epoch of imaging, were
unable to determine if the two were physically associated. B16 determined that blending with
the object was not a cause of the anomalous light curve, as its optical faintness means even a
100% drop in its flux could not explain the deepest dips seen in the Kepler light curve. The
object’s separation translates to 880 £ 10 AU at the distance of 451 4 5pc (Gaia Collaboration
et al., 2018), meaning it would not be currently affecting the observed behavior of KIC 8462852

via tides or strong gravitational interactions with bodies at small orbital radii. If it were a bound
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companion however, it might affect other bound objects via long-term perturbations, and could
trigger a barrage of occulting objects inward towards the host star.

Clemens et al. 2018 observed the system with the Mimir near-infrared wide-field imager on the
1.8-m Perkins telescope in 2017, and compared the relative astrometry of the candidate compan-
ion to the 2014 Keck/NIRC2 observations reported in B16. They reported a tangential speed of
44.944.9 km s~ for the candidate companion relative to KIC 8462852, and concluded it is not
a bound companion. However, the seeing-limited resolution of their second-epoch imaging was
1.3-1.57, so the companion was only resolved at <1.5 times the observational FWHM. This chal-
lenging observational fit could have been prone to a separation/contrast degeneracy that affected
the measured change in position.

In this work we use three epochs of Keck/NIRC2 astrometry spanning five years to revisit the
status of the close companion to KIC 8462852, and show that they are a common proper motion
pair and a gravitationally bound binary system. We analyze two other faint objects in our images
and show that they are unassociated. In Section 3.2 we outline our astrometric methods. In Sec-
tion 3.3 we report relative proper motions and demonstrate common (or lack of common) proper
motion for the three candidate companions from our astrometry and assess the probability of bi-
narity. In Section 3.4 we discuss implications of the presence of a wide stellar companion for the

KIC 8462852 system.

3.2 Analysis

3.2.1 Observations

We obtained observations of the KIC 8462852 system using the near-infrared imaging camera
NIRC2 coupled with the natural guide star adaptive optics system (Wizinowich et al., 2000) on the
Keck-II telescope in 2014 (28 images), 2016 (13 images), and 2019 (10 images). The observations
in 2014 (PI M. Liu) were obtained in /', H, and J bands, and were used by B16 to confirm the
existence of KIC 8462852 B as a candidate companion. The observations in 2016 and 2019 were
obtained by our team (PIs Mann and Huber) in the K’-band filter, with the aim of testing whether
KIC 8462852 B is co-moving. In both 2016 and 2019, we obtained observations with KIC 8462852

placed at two distinct orientations and dither positions. We deliberately duplicated the 2016 orien-
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tations and positions in 2019, with the goal of enabling cross-epoch measurements of motion that
are independent of residual errors in the correction of the camera’s static geometric distortion. In
our subsequent analysis, we henceforth treat each of the two dither positions in 2016 and 2019 as
an independent observation, denoted as 2016-1/2019-1 and 2016-2/2019-2, respectively.

All images used the narrow camera, with adaptive optics in natural guide star mode, in posi-
tion angle tracking mode. We linearized each science and calibration frame in Python using the
methodology of the IDL task 1inearize_nirc2.pro !, then dark-subtracted and flat-fielded
science frames in the standard manner. We adopted bad pixel identifications from Kraus et al.
(2016) and replaced with the median of surrounding pixels, then detrended spatially correlated
readnoise from the mirrored positions of each quadrant (Kraus et al., in prep).

Figure 3.1 displays a NIRC2 image from the 2019 epoch, with the comoving binary companion
marked as B, located 1.95” to the east, and the two candidate companions marked as ccl, 3.8”
southwest, and cc2, 2.8” southwest. KIC 8462852 B was visible at sufficient signal-to-noise for
astrometric analysis in all datasets; ccl was sufficiently visible only in the K and K’ bands at all

three epochs; and cc2 was sufficiently visible only in the K’ band in the 2016 and 2019 datasets.

3.2.2 Astrometry

We used the Gaussian PSF fitting routine described in Pearce et al. (2019) to precisely measure
the (z, y) pixel position and uncertainty of the four components in each image. Details of the mod-
eling and acceptance criterion are described in Pearce et al. (2019) and applied in the same manner
to this data set. Briefly, we modeled the PSF of the primary and candidate companion as the sum
of two 2-dimensional Gaussian functions and varied the model parameters through a custom Gibbs
Sampler Markov Chain Monte Carlo (MCMC) routine. We performed astrometric calibrations for
the primary and each of the three candidate companions for each step along the MCMC chains,
including optical distortion and plate scale error (Yelda et al., 2010; Service et al., 2016), and dif-
ferential aberration and atmospheric refraction, then computed separation and position angle from
primary for each (z, y) position in the chains for each candidate companion. We took the mean and
standard deviation of the separation and position angle chains as the final value and uncertainty in

an image. Positions in each image are given in Figures 3.3, 3.6, and 3.7 as filled circles, with the

Thttp://www.astro.sunysb.edu/metchev/ao.html



Table 3.1: Keck/NIRC2 NGS AO Astrometry for KIC 8462852 candidate companions
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Epoch MID  Filter Nipages Neoadds  tint Separation® Position Angle® Ame
(sec) (mas) (deg) (mag)
B
2014.79 56946.30 J 9 10 0.726 195278 £0.77 96.064 £0.014 3.884 4 0.057
2014.79 56946.30 H 9 10 0.726 1952.69 £0.36 96.059 £0.010 3.704 4+ 0.034
2014.79 56946.30 K 10 10 0.726 1952.61 £0.40 96.058 £0.013 3.525 4+ 0.020
2016.72 Dither 1 57651.23 K’ 2 10 1.0 1950.64 £0.14 96.064 +£0.004 3.640 &+ 0.004
2016.72 Dither 2 57651.23 K’ 11 10 1.0 1951.07 £0.07 96.063 £=0.004 3.638 £+ 0.012
2019.44 Dither 1 58646.50 K’ 2 20 1.0 1951.63 =0.09 96.069 £0.004 3.632 4 0.006
2019.44 Dither 2 58646.50 K’ 8 20 1.0 1951.88 £0.06 96.062 +=0.004 3.626 £ 0.009
ccl
2014.79 56946.30 K 10 10 0.726  3871.5+26 256377 £0.042 5.77 £0.38
2016.72 Dither 1 57651.23 K’ 2 10 1.0 3863.2+1.3 256.380+0.015 6.11 £0.03
2016.72 Dither 2 57651.23 K’ 11 10 1.0 3862.0 £0.7 256.401 £0.007  6.07 &+ 0.05
2019.44 Dither 1 58646.50 K’ 2 20 1.0 3850.1 +£1.1  256.370 £0.012 6.23 + 0.02
2019.44 Dither 2 58646.50 K’ 8 20 1.0 3848.3 0.5 256.367 =0.008 6.24 + 0.04
cc2

2016.72 Dither 1 57651.23 K’ 2 10 1.0 2785 £ 7 232.51 +£0.02 7.15 £ 0.09
2016.72 Dither 2 57651.23 K’ 5 10 1.0 2788 £6 232.46 +0.05 7.04 £0.11
2019.44 Dither 1 58646.50 K’ 2 20 1.0 2761 +£3 232.49 +0.03 7.26 & 0.10
2019.44 Dither 2 58646.50 K’ 7 20 1.0 2763 £ 2 232.52 +£0.03 7.44 +0.13

(a) Errors shown are the statistical error, corresponding to thick error bars on Figure 3.3, 3.6, and 3.7.
Systematic error of 1.4 mas applies to all separation measurements, corresponding to thin error bars.

(b) Errors shown are the statistical error. A systematic error applies to all position angle measurements

which corresponds to 1.4 mas tangential angular distance at the object’s separation: 0.042° for B,

0.021° for ccl, 0.029° for cc2.

(c) Errors shown are the statistical error. We adopt a conservative systematic error of 0.05 mag to
account for detector systematics.
NOTE - 0.029 deg = 1 mas tangential angular distance at the projected separation of B. Njpages

is the number of images in each epoch. t, is integration time per coadd. Some images were excluded

from the astrometry of cc2 due to insufficient detection of the object in those images.
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median error for images in an epoch given by offset crosses. We computed a weighted mean of
image positions as the mean position in an epoch, given by small crosses in those figures.

The geometric distortion solution for NIRC2 removes almost all of the distortion introduced by
the telescope and instrument, but it does leave residual systematic uncertainties of o s ~1 mas
in the position measurements of individual sources, or o, ~ v/2mas in the relative astrometry
between two sources. For a given detector location, any further residual error associated with that
location (such as from temperature variations and non-repeatable positioning of the telescope/in-
strument optics) appears to be negligible across a timescale of years when compared to the empir-
ical scatter seen within an individual epoch (<0.2 mas; Dupuy et al. 2016; Dupuy et al., in prep)
It is therefore possible to achieve substantial further improvement in the precision of relative as-
trometric measurements if source positions and orientations can be duplicated in multiple epochs.
Our observations in 2019 replicated the two position/orientation arrangements used in 2016, so
we have encapsulated these systematic uncertainties in the covariance matrix for the five epochs

(2014, 2016-1, 2019-1, 2016-2, 2019-2):

oty + 02 0 0 0 0
0 0%, + 02 o2 0 0
C= 0 o2 0391 + 02 0 0
0 0 0 0l60 + 02 o2
0 0 0 o? 0ly o+ 02

where each diagonal term contains a contribution from the statistical variance 0% (estimated from
the RMS of the individual-image measurements at that epoch) as well as the systematic variance
o2, and the systematic variance also contributes to the off-diagonal terms for epochs that were
taken with the same source positions/orientations and hence share a common systematic error.

In subsequent measurements of the x? goodness-of-fit statistic, we then use its modified defini-

tion:

X2 — rT C—lr
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KIC 8462852

K" June 2019

Figure 3.1: Keck/NIRC2 adaptive optics image of KIC 8462852 A, B, and candidate companions, shown
in log stretch to emphasize the faint candidate companions. The primary, KIC 8462852 A, is shown inside
a linear stretched box to avoid saturation. The secondary, labeled B, is located 2” to the east. The two
candidate companions are labeled cc1 for the brighter companion, 3.8” southwest, and cc2, 2.8” southwest.

where r is the vector of residuals for the observations about the model being tested and C' ! is the
weight matrix corresponding to the inverse of the observational covariance matrix.

We computed a relative velocity using the scipy least squares fitting function curve _fit
(Virtanen et al., 2020) by fitting a linear function to the mean positions, weighted with the weight
matrix C~!. We also use this formulation of the x* goodness-of-fit in the orbit fitting calculations
presented in Section 3.3.1. We computed the contrast in each filter as the mean and standard
deviation of the flux ratio of our analytical models in each image.

Table 3.1 displays the results of our relative astrometry and photometry for the three candidate

companions.

3.2.3  Stellar Parameters

In Table 3.2 we summarize relevant properties of KIC 8462852 AB. B16 found that the primary
(F3V, M = 1.43 Mg; Tog = 6750 £ 120 K) has a space velocity inconsistent with any moving

groups, and were unable to estimate an age.
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Data Model Residuals

Figure 3.2: Data, model, and residual map of the primary (labeled ”A”), companion (labeled ”B”), and
candidate companions ("ccl” and “’cc2”) for one image from the 2019 dataset. The model shown is built
using the mean values of the parameter chains from the MCMC fit for that image, and is shown with a square
root stretch to emphasize the faint residuals.

The nearby companion, KIC 8462852 B, is comoving with A (demonstrated in Section 3.3.1),
so its stellar parameters are also relevant to establish. In the absence of spectroscopic followup, we
adopt the spectral type of M2V estimated by B16.

To update the stellar parameters for both components we used isoclassify (Huber et al.,
2017), with input constraints including T.g for the primary from B16, the 2MASS K magnitude,
Gaia DR2 parallax (corrected for the zeropoint offset in the Kepler field, Zinn et al., 2019), a
solar metallicity prior with a width of 0.1 dex and the median measured K’ contrast in Table 3.1
with a conservative uncertainty accounting for errors in the synthetic fluxes (AK’ = 3.64 + 0.05
mag). This procedure is essentially the same as in Kraus et al. (2016), but with an improved
stellar classification method and a newer grid of MIST isochrones (Choi et al., 2016) supplemented
with the empirical relations by Mann et al. (2015) and Mann et al. (2019) for low-mass stars, as
described in Berger et al. (2020). The resulting classification yields a self-consistent classification
of the primary and secondary assuming both components have the same age and metallicity. We

estimate an isochronal age of ~1.2 Gyr, and the resulting updated stellar parameters are listed in
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Table 3.2: System and Stellar Properties for KIC 8462852 AB

Property Ref
Distance (pc) 451.0733 1
p (mas) 1951.48 £0.23 Sec 3.1
p (AU) 880 £ 10 2, Sec 3.1
PA(®) 96.063 £ 0.004 Sec 3.1
KIC 8462852 A
Proper Motion 1a=-10.422 + 0.040 2
(mas yr'!) 1s=-10.288 4 0.041 2
Luminosity (L) 43 +£0.3 Sec 2.3
Mass (M) 1.36 = 0.05 Sec 2.3
Radius (Rp) 1.51 £ 0.04 Sec 2.2
Tegr (K) 6750 £+ 120 3
SpT F3Vv 3
Age (Gyr) ~1.2 Sec 2.3
J (mag) 10.763 £ 0.021 4
H (mag) 10.551 + 0.019 4
K (mag) 10.499 + 0.020 4
KIC 8462852 B
Mass (M) 0.44 £ 0.02 5, Sec 2.3
Radius (Rp) 0.45 +0.02 Sec 2.3
Ter (K) 3720 £ 70 Sec 2.3
SpT M2V 3

(1) Bailer-Jones et al. (2018) (2) Gaia DR2 (Gaia Collaboration et al., 2016, 2018);
(3) Boyajian et al. (2016); (4) 2MASS (Skrutskie et al., 2006) ;
(5) Mann et al. (2019)

Table 3.2. Note that the uncertainties do not account for systematic errors between different model

grids.

3.3 Results

3.3.1 KIC 8462852 B

Our measured relative motion indicates that KIC 8462852 and its close, bright neighbor are a
common proper motion pair. We determined a relative motion in the plane of the sky of Ay =
0.14 + 0.44masyr~! (Apy = 0.3 + 1.0kms™!) over the five year span of observations, which
is consistent with a bound companion. Figure 3.3 (left) displays the motion of B relative to the

primary. As discussed above, the 2016 epoch was obtained in two dither positions; we matched
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observations in 2019 to the same two positions on the detector as 2016, to enable comparison. The
change in position from 2016 to 2019 is consistent between images in the same dither position (i.e.
2016-1 to 2019-1 is consistent with 2016-2 to 2019-2). Our astrometry is sufficiently precise that
the differences between 2016 and 2019 could be due to orbital motion. The 2014 epoch is offset
from the others, most likely due to the NIRC2 realignment which occurred in 2015 (Service et al.,
2016).

KIC 8462852 A and B are in Gaia EDR3? (Gaia Collaboration et al., 2021, 2016), which was
released to the public while this paper was under review. Gaia EDR3 reports a total relative proper
motion within 1-o of our measured value (0.44 & 0.34 mas yr~!) and parallaxes for A and B that
are consistent to within their uncertainty. We continued to use Gaia DR2 for some calculations

such as stellar parameters due to independent validations and the Kepler field zero point.

Tests for Binarity

To test the level of consistency with co-movement, we computed the x? goodness-of-fit for the
specific cases of the companion being a distant background object (zero absolute proper motion)
or completely co-moving (zero relative proper motion). Figure 3.3 (right) displays the common
proper motion of KIC 8462852 B with KIC 8462852 A. Our measurements reject the null hypoth-
esis that the object is a non-moving background star with zero proper motion (Xﬁon_mwing = 1060,
Xgo,movmg = 25.6, for 4 degrees of freedom). We interpret the disagreement with the zero relative
proper motion case as likely due to orbital motion.

We performed two additional statistical tests to assess the probability of observing a non-bound
star at the position, velocity, magnitude, and parallax of the common proper motion candidate
companion. First, we used a statistical approach similar to Sec. 4.5 of Correia et al. (2006) to
estimate the probability of chance alignment given the surface density of similar objects in the
vicinity. We queried the Gaia EDR3 catalog for objects within a 30° radius of KIC 8462852 A
with proper motion within 1-0 of the Gaia proper motion of KIC 8462852 A (., = 10.4 £ 0.6
mas yr— !, us = 10.3 4 0.6 mas yr—!) and parallax within 1-o of KIC 8462852 A (£0.025 mas),
in order to determine the most conservative comparison. This returned 140 objects, a surface

density of ¥ = 3.8 x 107 arcsec™2. The probability of observing a field object within 6 = 2" of

2Source IDs: A: 2081900940499099136, B: 2081900944807842560, cc1: 2081900944800715648
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KIC 8462852 A is given as:
P(E,0)=1—e™" =24x108 (3.1)

Second, we factored in the known demographics of binary companions (i.e., the frequency,
mass ratio distribution, and semimajor axis distribution) by modifying the method of Deacon et al.
2016, hereafter D16, Appendix A for distinguishing likely binary systems from chance alignments
of field stars. D16 Eqn A2 gives the probability of a pair being a true binary pair rather than a

coincident pair of field stars as:

Gc
P =
(bc‘i‘(bf

where ¢, and ¢ are densities for companion and field stars respectively. While D16 considers

(3.2)

the full range of binary population, here we are only concerned with the binary fraction that falls

within the relevant parameter space, and so we modified D16 Eqn A3 to:

1 1 e—A,u,Q/chi e—Aﬂ'z/QUTZr
Ge=Jo A Am [ 2mo? [ V2ro, 3-3)

where Ay is relative proper motion in RA/DEC, A7 is the parallax difference, Am is the size of
the magnitude bin used for potential similar companions, A is the total area of the separation bin
used, and fy;,, is the binary companion fraction in those bins. Using the binary demographics of
Raghavan et al. 2010, we determined the binary fraction to be f;;,, = 0.01 in a bin of Ap = £0.5
dex of log;o projected separation centered on the value for KIC 8462852 B, and ¢ = 4-0.05 in mass
ratio between KIC 8462852 AB. We then estimated the corresponding apparent magnitude range
(6mg = £0.6 mag) using the relations of Pecaut and Mamajek 2013°. For ¢, we performed a
Gaia EDR3 query for all objects within a radius from 50,000 AU (to exclude potential companions)
to 30° within the same magnitude bin, +/ — 0.5 mas yr—! proper motion in RA and DEC, and

+/ — 0.25 mas in parallax, returning 132 objects. We computed the field density as:

by = objects
T=Ax Am x (Ap)? x Ar

(3.4)

3Version 2019.3.22, accessed on 2021-01-06, from http://www.pas.rochester.edu/~emamajek/EEM _dwarf_
UBVIJHK _colors_Teff.txt


http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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We determined a density ratio of

P = i = 0.999972

¢c+¢f

Given the extremely high density ratio for a binary companion compared to a field star, and the
extremely small probability of chance alignment, we conclude that KIC 8462852 AB is a binary

system.

Test for Orbital Motion

Since KIC 8462852 B is a bound companion, we assume that it follows a Keplerian orbit around
the center of mass of the system. An object on a circular, face-on orbit at the current 880 AU

separation and total system mass of 1.9 M., would have a velocity vy, = 1.4 km s7*

, and period
P = 18600 yrs. Our time baseline and measurement precision is therefore marginally capable of
measuring linear orbital motion, but is very unlikely to yield a measure of acceleration. Astrometric
monitoring alone is unlikely to yield a fit with well-constrained posteriors on the orbit elements,
though a refined measure of the linear motion might offer meaningful limits on the joint values of
some elements.

To verify this conclusion, we performed a fit to our astrometry for Keplerian orbital elements
using our custom implementation of the Orbits for the Impatient (OFTT) rejection sampling algo-
rithm (Blunt et al., 2017). OFTT is well-suited to fit poorly constrained astrometric orbits with only
small orbit fractions observed for which a Markov Chain Monte Carlo algorithm might not con-
verge (Blunt et al., 2020). OFTTI is described in detail in Blunt et al. 2017, and our implementation
in Pearce et al. 2019. In brief, OFTI generates a random set of orbital elements from prior proba-
bility distributions, scales the semi-major axis and longitude of periastron to match observations,
computes a y? probability for each scaled orbit, and accepts an orbit if the probability of the orbit
exceeds a randomly chosen uniform number on the interval [0,1]. We used a total system mass of
1.9 +£ 0.2 Mg, based on the the mass estimates on Table 3.2. We ran our OFTI fitter until 100,000
orbits were accepted.

Figure 3.4 displays the posterior distributions for orbital elements, and periastron and apastron

distances in our 100,000 orbit sample. The posterior distributions of orbital elements are similar
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Figure 3.3: Left: Change in relative astrometry for KIC 8462852 B in separation (y-axis) and angular
direction (x-axis) in individual images (circles) and mean values for each epoch (crosses). Epochs 2016
and 2019 dither positions are reported as separate observations. Thick crosses show statistical uncertainty,
thin crosses show systematic uncertainty. Crosses to the left display the median error in individual image
measurements. We measure a total relative velocity of y = 0.14 4 0.44 mas yr—!, which is consistent
with zero. Right: Observed position of KIC 8462852 B (circles, error bars smaller than marker size) with
expected motion if it were a background star (black track, crosses indicate expected position at observation
times). KIC 8462852 B displays common proper motion with KIC 8462852 A, consistent with a bound
companion.

to priors and do not meaningfully constrain the orbit of KIC 8462852 B relative to A. We also
note that the data did not rule out high eccentricity orbits with extreme values of apastron and
periastron, however the apparent prominence of high eccentricity values is likely a reflection of
the uniform eccentricity prior. We do not interpret this fit to reveal anything physically meaningful

about the orbital elements due to the poor constraint.

3.3.2 KIC 8462852 ccl

Figure 3.6 (left) displays the astrometry results for KIC 8462852 ccl. We measure a relative
proper motion in the plane of the sky of Ay = 5.0 £ 0.7 mas yr—! (Apy = 10.4 &+ 1.5 km s71),
which exceeds the circular velocity at that separation by 60 (V¢ = 1 km s™1), and is not consistent
with being a bound companion. Figure 3.6 (right) shows that its relative motion is not consistent
with being bound, nor with a non-moving background star. In testing for co-movement, our mea-
surements fail to reject the null hypothesis that the object is a non-moving background star, yet

neither is it consistent with being co-moving (X7, moving = 900> Xeomoving = 250).
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Figure 3.4: Orbital parameter posterior distributions for KIC 8462852 B. Posterior distributions on eccen-
tricity, inclination, and argument of periastron are similar to priors shown in orange. Semi-major axis and
longitude of nodes have no prior due to the scale-and-rotate process of OFTI (see Blunt et al. 2017), while
Ty, periastron, and apastron are derived from orbital parameters.

Additionally, we performed a search of all objects in Gaia DR2 within 0.5° of KIC 8462852
A, displayed in Figure 3.5, with our three candidate companions. While the proper motion of
KIC 8462852 AB is distinct from the majority, ccl is similar to the other objects with chance

alignment. We conclude it is most likely a star with similar space velocity and a chance alignment.

3.3.3 KIC 8462852 cc2

Figure 3.7 (left) displays the astrometry results for KIC 8462852 cc2. We measure a relative
proper motion in the plane of the sky of Ay = 11.9 & 2.5 mas yr! (Ay = 25.2 &£ 5.2 km
s~1), which exceeds the circular velocity at that separation by > 50 (veire ~ 1.2 km s71), and is
not consistent with being a bound companion. Figure 3.7 (right) shows that its relative motion is
more consistent with zero proper motion than with zero relative motion. Our measurements more
strongly support that it is a background object than co-moving, but are not consistent with being
completely non-moving (Xﬁon_moving = 150, Xzomoving = 1670). The motion of cc2 is consistent

with the majority of nearby objects, shown in Figure 3.5. The Gaia DR2 objects have a mean

1 1

proper motion of 4.8 mas yr~", within 1o of cc2’s absolute proper motion of 5.14+2.4 mas yr—.

We conclude that cc2 is an unassociated, distant object that is aligned by chance.

3.4 Discussion

Given the current 880AU projected separation of KIC 8462852 B, it is unlikely to be currently
directly influencing the light curve of KIC 8462852 A. However, the binary companion may in-

fluence the long-term evolution of the system. Simulations of wide binary systems have found the
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Figure 3.5: The absolute proper motions of KIC 8462852 A, B, ccl, and cc2, and objects in Gaia DR2 in a
0.5° cone search around the position of KIC 8462852 A. The proper motion for ccl and cc2 are consistent
with the motion of nearby stars with chance alignment.
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Figure 3.6: Left: Relative astrometry for KIC 8462852 cc1 in individual images (circles) and mean values
in each epoch (crosses). Thick crosses show statistical uncertainty, thin crosses show systematic uncertainty.
Crosses to the left display the median error in individual image measurements. We measure a total relative
velocity of ;1 = 5.0 & 0.7 mas yr—!. Epochs 2016 and 2019 dither positions are reported separately. Right:
Observed position of KIC 8462852 ccl (circles) with expected motion if it were a background star (black
track, crosses indicate expected position at observation times). The relative motion of KIC 8462852 ccl
is not consistent with being a bound companion. It is likely a star with similar space velocity and chance
alignment.



91

10 2016-2 Median Error —-1660"
Per Epoch:
2016-1 2019
Or | @-1670|
F] g
E =10t Total Relative Motion: 2016 : —-1680;
-’ 11.9 + 2.5 mas/yr Q
Q [ -1690¢ 1
< -20; 2019-2 1 < 2016
:*:2019-1 -1700¢ 1
2019
=30} 1 ‘ i i
‘be eo ,»0
“10 0 10 20 30 40 50 o o o
pPAO (mas) A RA (mas)

Figure 3.7: Left: Relative astrometry for KIC 8462852 cc2 in individual images (circles) and mean values
in each epoch (crosses). Statistical uncertainty dominates systematic uncertainty for this object. Crosses to
the left display the median error in individual image measurements. We measure a total relative velocity of
p = 11.9 + 2.5 mas yr—'. Right: Observed position of KIC 8462852 cc2 (circles) with expected motion if
it were a background star (black track, crosses indicate expected position at observation times). The relative
motion of KIC 8462852 cc2 is consistent with an unbound field object.

Milky Way galactic potential and stellar flybys have significant effect on these systems. Kaib et al.
(2013) found that wide binaries pass through phases of very low pericenter distances (~100 AU)
several times over the course of 10 Gyr due to galactic tides and passing stars, which propagate
to disrupting eccentricities of planets and small bodies around one of the stars. Correa-Otto et al.
(2017) found a similar result using an analytic model of the galactic potential. Correa-Otto et al.
(2017) built on this numerically to find that a common configuration after 10 Gyr is high eccen-
tricity with semi-major axis from 2000-5000 AU, regardless of the initial orbital configuration.
Bazs6 and Pilat-Lohinger (2020) found that secular resonances can arise in the habitable zone of
stars in binaries even wider than 1000AU if there is also a giant planet present, and the effect of
the galactic tide and stellar flybys can push the habitable zone into a high-eccentricity or chaotic
state. There are many combinations of parameter space for which there are not stable orbits, and
bodies are disrupted due to secular and mean motion resonances, with significant areas of chaotic
orbits. If the secondary’s pericenter is on the move as suggested by Kaib et al. (2013), disruption
of objects in formerly stable orbits is possible as the location of resonances change, as has also

been investigated by Bancelin et al. (2019) and Zakamska and Tremaine (2004).
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The prospect of long-term orbital evolution for wide binaries suggests that KIC 8462852 B may
play a role in the evolution and disruption of stable orbits of objects around the primary. Given the
estimated age of this system, this binary may have already undergone at least one phase of close
pericenter passage, commonly occurring around 1 Gyr (Kaib et al., 2013). Our astrometry does
not prohibit high-eccentricity/low-pericenter orbits for the binary currently. A current or recent
low-pericenter phase could excite the eccentricities of planets around A, and disrupt small bodies
in the system. Further astrometric monitoring will continue to improve the picture of the potential
influence of the binary on the system.

We have shown that the pair are not a chance alignment of unassociated stars, but we cannot
yet confirm that they follow a bound Keplerian orbit. It remains possible KIC 8462852 B is a
recently ejected star, which which could explain the apparent chaos in the system. However testing
this would require a longer astrometric time baseline and a firm measurement of whether high-
eccentricity orbits are preferred or disallowed. It is also possible that the stars are separate members
of the same moving group that have remained in close proximity over time. However, Figure
3.5 and our analysis in Section 3.3.1 show that there are very few objects with similar proper
motions in the vicinity. In Gaia EDR3 the closest object with similar proper motion and parallax
beyond KIC 8462852 B is two orders of magnitude further in separation, and in Section 3.3.1
we found a density of p = 9 objects (mas yr~!)=2 - mas~! - degree 2 with similar parameters
to KIC 8462852 B. Given the 1.2 Gyr age of the system, the population that it formed in should
be well dispersed, which is born out by Gaia astrometry. Given the small projected separation

(p = 880 AU), we conclude that this explanation is unlikely.

3.5 Conclusion

We have shown that KIC 8462852 B is a common proper motion pair, and extremely likely
to be a gravitationally bound companion to KIC 846285 A using astrometry from Keck/NIRC2
imaging spanning five years. The relative velocity is consistent with zero during this period. The
time baseline was not long enough to provide meaningful constraints to the pair’s orbit, however
our analysis shows that they do represent a wide binary pair rather than chance alignment of field
stars. We have also shown that two other objects in imaging data are not associated. Although it

has not been thought to be a likely explanation for Boyajian’s Star A’s light curve, it is a potential
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source of instability in the long-term evolution of the system, and could excite chaotic orbits of
objects in the system. Efforts to explain KIC 8462852 A’s dimming events should be informed by

the existence of a wide stellar binary companion to the system.



Chapter 4

Companion Mass Limits for 17 Binary Systems Obtained with Binary Differential Imaging

and MagAO/Clio

“Ants occupy the same landscape that we do. They
have plenty to do, things to occupy themselves. On
some level they’re very well aware of their
environment. But we don’t try to communicate with
them. So I don’t think they have the foggiest notion

that we exist.”

Carl Sagan

Contact
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This chapter is reproduced from Pearce et al. 2022

4.1 Introduction

Giant planets on wide enough orbits to be accessible by direct imaging are rare (occurrence rate
Qﬁ% for 5-13 Mj,;, companions within 10-100 AU in the recent results from the Gemini Planet
Imager Exoplanet Survey (GPIES); Nielsen et al. 2019). Brown dwarf companions appear to be
even more rare, with an occurrence rate of ~ 0.8702% for 13-80 Mj,,, from GPIES. Yet radial
velocity, transit, and microlensing surveys have found that giant planets close to their stars are
common in regions promising for future direct imaging. Bryan et al. 2019 found an occurrence
rate of 39%=+7% for masses 0.5-20 My, and separations 1-20 AU from radial velocity surveys;
Herman et al. 2019 found 0.7f8:§8 planets per solar-type star for radius 0.3-1 Ry, and 2-10 yr
periods from Kepler (Borucki et al., 2010); Poleski et al. 2021 observed 1.470% ice giants per
microlensing star with separations ~5-15 AU from 20 years of the OGLE microlensing survey.
Improving direct detection capability close to the star is of paramount importance for increasing
the directly-imaged companion sample size and inferring population property statistics.

In addition to building larger telescopes and better instruments for ground- and space-based di-
rect imaging, improving on observational and data analysis techniques can push detection limits
closer and deeper. Point-spread function (PSF) subtraction via Reference Differential Imaging
(RDI; commonly used with space telescopes) images the science target and a PSF reference star,
but is hindered by time-varying PSFs, and requires observing two stars to reduce one. An im-
provement on RDI utilizes a library of PSF reference images (e.g. Sanghi et al., 2021) and a Lo-
cally Optimized Combination of Images (LOCI; Lafreniere et al., 2007) to optimally reconstruct
the PSF, but is still susceptible to time variation between reference and science images. Spectral
Differential Imaging (SDI; Racine et al. 1999; Marois et al. 2000), in which the science target is
imaged simultaneously in multiple filter bands, does not obtain photon-noise limited PSF subtrac-
tion due to the chromatic variation in speckles that doesn’t scale with wavelength (Rameau et al.,
2015), suffers from a difference in Strehl ratios between images in different bands, and depends on
spectral features like Methane in the companion’s atmosphere. With Angular Differential Imaging
(ADI; Marois et al. 2006), the star serves as its own PSF reference through sky rotation; however, it

is susceptible to self-subtraction of candidate companion signals and requires significant sky rota-
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tion to avoid flux attenuation, especially close to the star. A way to avoid these various drawbacks
is to simultaneously image a science and reference star in the same filter band.

Kasper et al. (2007) simultaneously imaged 22 young stars in the Tucana and § Pictoris moving
groups in L’ (~ 4m) band on NACO/VLT with adaptive optics, including two medium separation
binaries (HIP 116748, p = 5.8 and GJ 799, p = 2.8”). For these systems, both target and reference
star fit on the detector simultaneously, yet were separated such that their PSFs did not overlap.
They used each star in the binary to subtract the starlight from the other, termed this Binary Dif-
ferential Imaging (BDI; in Figure 5 of their paper), and saw improved contrast at close separations
compared to contemporaneously imaged single stars. Similarly, Heinze et al. (2010) applied “bi-
nary star subtraction” to binaries in their L’ and M’ nearby star survey with MMT AO with the Clio
instrument, in which the PSF of the secondary was scaled and subtracted from the primary and vice
versa. They also saw improvement in achievable contrast with binary star subtraction compared to
single stars in their survey.

Rodigas et al. (2015) (hereafter R15) expanded on the BDI technique by combining the ad-
vantages of simultaneous imaging with advanced data analysis algorithms like Karhunen-Loéve
Image Processing (KLIP; Soummer et al. 2012) — an application of Principle Component Anal-
ysis (PCA) to image data — to better remove the speckle structure in the PSF. They compared
the expected signal-to-noise ratio (S/N) for BDI to ADI and determined that BDI is advantageous
close to the star, achieving ~ 0.5 mag better contrast within ~ 17, which they estimate translates
to ~1Mj,, improvement in sensitivity. They also note that observing binaries near 4 ym takes
advantage of the large isoplanatic patch (~107-30), in addition to being where young substellar
companions will be bright (Baraffe et al., 2015, hereafter BHACI1S5). They note that a limitation of
BDI is the potential for companion flux around one star to be attenuated by flux from a companion
around the other star, but that there is low probability of this (~2% at 0.15”, and even smaller
farther out). Additionally, while coronagraphs employing a focal plane occulter cannot easily be
used with BDI, pupil-plane only coronagraphs (such as apodizing phase plates, Kenworthy et al.
2007; Otten et al. 2014) that affect the PSFs of both stars could further increase sensitivity.

R15 identified a target list of ~140 binary systems optimized for effective BDI. Targets are
young (< 200 Myr) so that brown dwarf and planetary companions will be bright at near-infrared

(NIR) wavelengths. Their binary separations are between 2”-10" so that their PSFs do not over-
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lap and are within the isoplanatic patch at L', and their apparent magnitudes in L’ are similar to
<2 mag, making their PSF features have similar signal-to-noise.

In this paper, we describe the results of our MagAO/Clio NIR survey of 17 of the R15 binary star
target list. In Section 4.2 we review current relevant studies of substellar companions in binaries. In
Section 4.3 we describe our survey sample, with detailed descriptions of each system in Appendix
A.1l. In Section 4.4 we describe our BDI observations and KLIP data reduction application. In
Section 4.5 we show contrast limits for each binary system, discuss limitations on our achievable

contrast, and discuss our detection of a candidate companion to HIP 67506 A.

4.2 Motivation: Substellar Companions in Wide Binaries

The occurrence rate of planet and brown dwarf companions in binaries, and the influence the
binary has on the formation and evolution of the planetary environment, is not well understood,
and is hampered by small numbers of observed systems.

Circumstellar planets in wide binaries (S-type, in which the companions orbits one component
of the binary) have been shown to be fully suppressed for close binaries (semi-major axis (sma) < 1
AU, Moe and Kratter 2019), an occurrence rate of ~15% at sma ~10 AU, and increasing with bi-
nary separation out to sma ~100 AU (Kraus et al., 2016; Moe and Kratter, 2019; Ziegler et al.,
2020). Several recent observational studies have found a higher fraction of close-in S-type com-
panions in multiple systems compared to single stars. (Knutson et al., 2014; Ngo et al., 2015;
Piskorz et al., 2015). Ngo et al. (2016) found a ~3 x inflation in occurrence rate of hot Jupiters in
multiple systems over single stars, and infer that stellar companions beyond 50 AU might actually
facilitate giant planet formation. Fontanive et al. (2019) found an inflated binary fraction of 80%
with separations from 20-10,000 AU for stars hosting close in higher-mass planetary and brown
dwarf companions (7-60 M ;). Cadman et al. (2022) showed that the binary companions can trig-
ger instability and fragmentation in gravitationally unstable disks, leading to formation of these
giant planet and brown dwarf companions in outer regions of the disk, which somehow move to
the close-in orbits currently observed. However other studies have concluded that the frequency of
planets in binaries is not statistically different from that of single stars (e.g. Bonavita and Desidera,
2007; Harris et al., 2012). Deacon et al. (2016) found no evidence that binaries with p > 3000

AU affected occurrence rate of Kepler planets with P < 300 days around FGK stars. Moe and
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Kratter (2019) found that for sma = 100 AU the binary does not suppress planet occurrence, and
the apparent inflated occurrence is due to selection effects.

Although it is unclear if wide (= 100 AU) stellar companions are consequential to the formation
of planetary systems, it is likely to impact the evolution of a planetary system through gravita-
tional scattering and migration. While the wide binary may be too wide to induce binary von
Zeipel-Kozai-Lidov oscillations (von Zeipel, 1910; Kozai, 1962; Lidov, 1962) on an S-type planet
directly (Ngo et al., 2016), it could still induce chaos in the system. Mean motion resonance over-
lap from the companion star leads to regions of chaotic diffusion and eventual planet ejection even
in circular binary orbits (Holman and Wiegert, 1999; Mudryk and Wu, 2006; Kratter and Perets,
2012). Simulations by Kaib et al. (2013) and Correa-Otto and Gil-Hutton (2017) showed the
influence of the galactic gravitational potential and stellar flybys perturbs the wide companion’s
orbit over time, causing S-type companion orbits to be disrupted, pushed into high-eccentricity
orbits, and potentially scattered (see also Hamers and Tremaine 2017). The presence of an ad-
ditional giant planet can further induce secular resonances (Bazsé and Pilat-Lohinger, 2020) or
high-e migration (Hamers, 2017; Hamers and Tremaine, 2017) interior to the giant planet, planet-
planet scattering, and push the surviving planet into high-eccentricity orbits which could be further
boosted by Kozai-Lidov cycles from the stellar companion (Mustill et al., 2021). Wide-orbit stellar
companion(s) can also be sufficient to explain stellar spin-planetary orbit misalignment even if the
companion is orders of magnitude more distant, including inducing retrograde obliquities (Best
and Petrovich, 2022).

More population members at various stages of evolution are needed to better develop the picture
observationally. In addition to the surveys of Kasper et al. 2007 and Heinze et al. 2010 discussed in
the introduction, several other recent surveys have looked for companions in binaries using other
starlight subtraction techniques. Hagelberg et al. (2020) targeted 26 visible binary and multiple
star young moving group members with SPHERE on VLT (Beuzit et al., 2008) in dual-H band
filters, with a Lyot coronagraph masking the brighter star, and used ADI to subtract the starlight.
The SPOTS survey (Thalmann et al., 2014; Bonavita et al., 2016; Asensio-Torres et al., 2018)
searched for wide circumbinary planets in the 30-300 AU range. While neither survey detected
new substellar companions, they placed upper limits on occurrence rates. Dupuy et al. (2022)

found evidence for mutual alignment between S-type planet and binary orbits <30° for Kepler
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planet hosts in visual binaries. Additionally, the precise astrometry of Gaia (Gaia Collaboration
etal., 2016) enabled identification of 1.3 million spatially resolved binaries (El-Badry et al., 2021),
and several recent studies utilized the Gaia astrometric information to examine the orbit of the
wide stellar companion to transiting planet host stars (e.g. Newton et al., 2019; Venner et al., 2021;
Newton et al., 2021), search for new unresolved companions (e.g. Kervella et al., 2019; Currie
etal., 2021), refine the masses of known companions (e.g. Brandt et al., 2019; Brandt et al., 2021),
and observe an overabundance of alignments between planet and wide binary orbits for binaries
with semi-major axis < 700 AU(Christian et al., 2022). Orbital obliquity alignment studies such as
Bryan et al. 2020 and Xuan et al. 2020 are important probes of the angular momentum evolution of
planetary systems and the influence of scattering and/or Kozai-Lidov mechanisms (Mustill et al.,
2021), especially in the presence of a wide stellar companion (Hjorth et al., 2021). Future Gaia data
releases will contain improved astrometry and acceleration information for hundreds of millions of
sources', making new companion identification through astrometry common place, and promising
to deliver numerous planets and brown dwarf companions in wide binaries

Multiple star systems should be prioritized as prime direct imaging targets for probing planetary

system formation and evolution, population statistics, and planet characterization studies.

4.3 Binary Systems in our Survey

We observed 17 binary star systems between 2014 - 2017, chosen for their utility for BDI data re-
duction, to span a range of spectral types, and their availability between other observing programs.
Table 4.2 summarizes the properties of each young binary system observed. Binary separation,
distance, and the primary’s G-band magnitude were taken from Gaia EDR3 (Gaia Collaboration
et al., 2021); age and spectral type were taken from literature values; group membership is from
literature and/or Banyan > membership probabilities (Gagné et al., 2018). Our observations were
conducted in MKO L' and the narrowband 3.95um (AX.g = 0.08um, Ao = 3.95um; hereafter
[3.95]?) filters, so we have included the primary’s WISE W1 and W2 magnitudes for reference
(Cutri et al., 2012). A subset of systems were unresolved in WISE, so the photometry includes flux

from both members, and are indicated with a dagger in Table 4.2.

Thttps://www.cosmos.esa.int/web/gaia/dr3
ZPrevious papers have called it the [3.9] filter, we here refer to it as [3.95] for clarity


https://www.cosmos.esa.int/web/gaia/dr3

Table 4.2: Summary of Binary Systems
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HD Name Alt Name Separation®*  Distance®** Age SpT
(arcsec) (pc) (Myr)
HD 36705 AB Dor 8.8609 =50 14.93 + 0.02 100P KOV + M5-6°
HD 37551 WX Col 400175+ 1 80.45+0.07  130+201 G7V + K1Ve©
HD 47787 HIP 31821 2.15685+2 47.83+0.04 16.5+6.5" KIIV +KIIVe
HD 76534 OU Vel 206874 +£2 869+ 14 0.27" B2Vn'
HD 82984 HIP 46914 2.0041+ 30 274 +7 534+ 15.1f B41V!
HD 104231 HIP 58528 445718 +5 102.7+0.5 21k F5V!
HD 118072 HIP 66273 227647 +7 795+04 40-50" G3Ve©
HD 118991 Q Cen 5.56444 +£6 883+ 0.3 130-140» B8.5 + A2.54
HD 137727 HIP 75769 220358 +3 111.7+03 82+0.60 GOl + G6IV®
HD 147553 HIP 80324 6.23216 +7 1382+1.3 16 + 1¥ B9.5V + A1V®
HD 151771 HIP 82453 6.8957 + 3 270 + 2 200-300" BSIII + B9.5"
HD 164249 HIP 88399 6.49406 +2 4930+ 0.06 25+ 3V F6V + M2V°
HD 201247 HIP 104526 417040 +£3 33.20+0.04  200-300" G5V + G7V*
HD 222259 DS Tuc 536461 £3 44.124+0.07 45+ 4° G6V + K3V©
- HIP 67506¢ 9.38117 £ 9 220 £ 2 210 £+ 5 G5”°
- TYC 7797-34-2% 1700 + 100 - -
- TWA 13 5.06925+3  59.9+0.1 10717 M1Ve + M1Ve®
- 2MASS J01535076- 2.8543 + 10 33.85+0.09 25+ 3V M3¢
1459503

*Uncertainties in units of 10~ arcsec

**Distances and uncertainties are were computed using the method of Bailer-Jones et al. 2018
and Gaia EDR3 parallaxes.
$Sco-Cen: Scorpius—Centaurus Association, UCL: Upper Centaurus Lupis association,
Tuc-Hor: Tucana-Horologium Young Moving Group, ARG: Argus Association,
Beta Pic: Beta Pictoris Moving Group, AB Dor: AB Doradus Moving Group,
LCC: Lower Centaurus-Crux
Binary is unresolved in WISE photometry
tHIP 67506 and TYC 7797-34-2 (WDS J13500-4303 AB) were believed to be a 9” binary
at the time of the survey, but we show in this work that they are an unassociated pair.

This has no impact on the BDI reduction of both stars. See Appendix A.1.
There are no age or spectral type estimates in literature for TYC 7797-34-2.
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Name Group RUWE? G Mag?* WISE W1 Mag  WISE W2 Mag
Membership? A/B A/B (3.35um) (4.64m)
HD 36705 AB Dor 25.13/3.52 6.69/11.35  4.598 £ 0.1217  4.189 £ 0.057"
HD 37551 AB Dor® 0.96/0.97 9.45/10.35  7.284 +£0.0277  7.385 4 0.0197
HD 47787 Field’ 1.11/1.11 8.91/9.01 6.348 4 0.0427  6.457 £ 0.0427
HD 76534 Field 1.53/0.89  8.25/9.42 7.271 +£0.029"  7.066 & 0.0207
HD 82984 Field’ 1.09/0.89  5.53/6.26 5.346 £ 0.064"  5.202 4 0.0301
HD 104231 Lcem 0.83/229 845/13.43 A:7.198 £0.028 7.248 + 0.020
B:9.499 + 0.228 9.338 £ 0.119
HD 118072 90% ARG 1.20/1.20  9.02/9.14 6.875 4+ 0.034"  6.941 £ 0.0207
HD 118991 Sco-Cen’ 1.11/1.07  5.24/6.60 4975+ 0.070"  4.629 4 0.036'
HD 137727 Field’ 1427088  9.16/9.66 6.739 £ 0.038"  6.815 4 0.0201
HD 147553 UCL 093/0.89 7.00/746 A:7.039+0.116 7.055 =+ 0.026
B:7.219 +£0.112  7.283 £+ 0.037
HD 151771 Field’ 1.22/0.80  6.19/846  A:5.802+0.069 5.696 £ 0.033
B:7.412+ 0302  7.536 + 0.157
HD 164249 Beta Pic"*  1.09/1.23 691/1231  5.882+0.057" 5.841 & 0.0211
HD 201247 Field’ 0.96/0.89  7.53/7.71 5211 £0.0657"  5.055 4 0.0417
HD 222259 Tuc-Hor® 0.91/0.95 834/9.41 A:7.062 £ 0.068 7.072 £ 0.030
B:7.089 £ 0.179  7.140 £+ 0.056
HIP 67506 Field’ 2.01 10.67 9.189 £+ 0.021 9.242 £ 0.023
TYC 7797-34-2} Field’ 1.73 11.99 9.475 + 0.023 9.561 + 0.021
TWA 13 TW Hydra®  1.25/1.27 10.89/10.91 A:7.6354+0.052 7.545 £ 0.030
B: 7.408 + 0.087  7.470 + 0.030
2MASS J01535076-  Beta Pic” 1.36/1.38 11.49/11.52 6.810+0.028"  6.729 4 0.0147
1459503

(a) Gaia EDR3, Gaia Collaboration et al. 2021, (b) Mamajek and Hillenbrand 2008, (c) Torres et al. 2006,
(d) Binks et al. 2020; Barrado y Navascues et al. 2004, (e) McCarthy and White 2012,
(f) Tetzlaff et al. 2011, (g) Kraus et al. 2014,(h) Arun et al. 2019, (i) Houk 1978,

(j) Gagné et al. 2018, (k) Pecaut et al. 2012, (1) Houk and Cowley 1975, (m) Hoogerwerf 2000,
(n) Zuckerman 2019, (p) David and Hillenbrand 2015, (q) Gray and Garrison 1987,
(s) Corbally 1984, (t) This work, Sec 4.3, (u) Corbally 1984, (v) Messina et al. 2016,
(w) Messina et al. 2017, (x) Deacon and Kraus 2020, (y) Zuckerman et al. 2013, (z) Gray et al. 2006,
(o) Bell et al. 2015, () Spencer Jones and Jackson 1939,
() Barrado Y Navascués 2006, (§) Schneider et al. 2012, (¢) Riaz et al. 2006,
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We have made use of literature ages for the estimation of mass limits in Section 4.5. Age
estimates we adopted were derived using a variety of methods; specifics for each binary system are
noted in Table 4.2 and described in Appendix A.1. We used the most-recent and lowest-uncertainty
age estimate for an individual star where available; most were derived using isochrone model
fitting to photometry, lithium equivalent widths, or chromospheric and coronal activity. Where
individual age estimates were not available we adopted the average age and uncertainty for the
associated moving group. Two systems in our survey did not have literature ages or moving group
membership (HIP 67506/TYC 7797-34-2 and HD 151771), and we estimated age using isochrone
fitting (see Appendix A.1 for details). In Section 4.5 we discuss the impact the estimated age of

the star has on our results.

4.4 Methods

4.4.1 Observations

Observations for this survey were carried out between 2014 to 2017 with Magellan Adaptive
Optics system (MagAQO) (Close et al., 2013) and Clio science camera on the 6.5 m Magellan Clay
telescope at Las Campanas Observatory, Chile. All images were obtained in [3.95] or MKO L'
observing bands with the narrow camera (plate scale = 15.9 mas pixel !, field of view = 16x18”;
Morzinski et al. 2015) in full frame mode (512x 1024 pixels), and with the telescope rotator off.
Observation parameters varied between datasets and are documented in Table 4.3. There were two
observing modes: ABBA Nod mode, in which two nod positions (A and B) with both stars on the
detector, 10 frames each, were alternated in an ABBA pattern during the observations; and “Sky”
mode, where science frames were observed in a single nod and the telescope was offset to get

starless “sky frames”.

4.4.2 Data Reduction

Due to the difficulty of flat fielding Clio images (see Morzinski et al., 2015, Appendix B.3), we
performed sky subtraction using Karhunen-Loéve Image Processing (KLIP; Soummer et al. 2012),
an implementation of principle component analysis (PCA) applied to image data. To sky subtract

a science image from Nod A (in ABBA observing mode) with KLIP, we:
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Cleaned and sky
subtracted images

Star A Star B

Registered
postage stamps

Normalized
and masked

Create eigenbasis
from Star B

Project each Star A
image onto eigenbasis
to make PSF estimator

Subtract PSF estimator
from Star A image

Derotate and mean
combine into final image

Figure 4.1: Illustration of our BDI implementation of the KLLIP methodology. This process is repeated for
Star B using Star A as the eigenbasis.

1. masked the stars in every Nod B image in the dataset to a radius of 8 A/D to capture variation

in the sky alone,

2. constructed a PCA eigenimage basis set from the Nod B images in the dataset, following the

prescription of Soummer et al. (2012) Section 2.2 step 2,

3. projected the Nod A target image onto the eigenbasis constructed from Nod B up to a desired

number of basis modes Ky;, (Soummer et al., 2012, Section 2.2 step 4), to create a sky estimator,

4. subtracted the sky estimator from the Nod A image.
We repeated this process for Nod B images using a basis constructed from all Nod A images in the
dataset. For datasets observed in “Sky” mode, we constructed the basis set from the sky frames.
All datasets were sky subtracted with Ky, < 5. We then corrected bad pixels using the bad pixel
maps of Morzinski et al. (2015); we also used a high-pass filter and flagged pixels with excessive
variation during the course of the dataset to identify and correct additional bad pixels. Bad pixels
within star PSFs were identified by eye and corrected. Finally, images were inspected for quality
by eye, and sharpest images were kept for use in starlight subtraction. None of the images in our

survey fell outside the linear regime and did not require linearity correction.
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4.4.3 KLIP PSF Subtraction

As with sky subtraction, we subtracted the star’s PSF using a custom implementation of KLIP
PSF subtraction. Our algorithm, illustrated in Figure 4.1, proceeds in the following way:

1. Each star is cut out of each cleaned and sky-subtracted full frame image into a “postage

stamp” and assembled into a cube of all images of Star A and another cube of Star B.

2. Each image in each cube is registered (PSF core centered in frame), normalized (entire frame

is divided by the sum of all pixels in the frame so that the pixel values all now sum to one), and

the inner core of the PSF is masked to avoid fitting the PSF core and prioritize fitting the PSF

wings. We determined a radius of 1)\/D for the inner core mask was optimal for our data by

inspection. We did not have any saturated stars in our datasets.

3. For the Star A cube, a PCA eigenbasis set is constructed from the Star B cube, following the

prescription of Soummer et al. (2012) Section 2.2 as before.

4. Each image in the Star A cube is projected onto the Star B basis set up to specified number

of modes Ky, to create a PSF estimator, then the PSF estimator is subtracted from the Star A

image.

5. Each image is rotated to North up/East left, then a sigma-clipped mean image of the cube is

created as the final reduced image. PSF estimation via ADI was not employed in our analysis.

6. Repeat 3-5 for the Star B cube using Star A to create eigenbasis.

Postage stamp size varied by dataset due to the binary separation (star PSFs must be able to
be isolated), proximity to glints and detector defects, and proximity to the edge of the frame.
One system in our initial survey, 53 Aquarii, is a 1.2 binary, which ended up being too close to
effectively separate the PSFs to serve as references for KLIP and was excluded. Another system,
WDS J00304-6236, is a triple system, with WDS J00304-6236 Aa,Ab separated by 0.1, enough
to cause elongation of Star A’s PSF and disqualifying it from serving as a PSF reference to WDS

J00304-6236 B and was excluded.
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Figure 4.2: Illustration of our method for determining signal to noise ratio (S/N) based on Mawet et al.
(2014). The image is a post-BDI reduction of HD 82984 A with a fake signal injected right at the 5-0 S/N
limit at separation » = 7A/D and position angle 270° East of North. HD 82984 A is behind the mask
and marked with an orange star. The sum of the pixels within the red aperture, with diameter = 1\/D, is Z;
in Eqn 4.1; the mean and standard deviation of the sum of the pixels in the white apertures are Zo and s
respectively; ng is the number of white apertures. This computation was repeated for all N = 27r apertures
along the ring of radius r, and for rings of radius » = nA/D, where 7 is an integer.

4.4.4 Contrast and mass limits

To quantify achievable contrast limits for each system, we performed injection-recovery of syn-
thetic “planet” signals and determined the contrast at which injected signals can be recovered at
the 5-0 level. We produced the synthetic signal by scaling the star’s image to a specified contrast,
injected the synthetic signals into Star A’s postage stamp cube, then performed KLIP reduction us-
ing Star B as above, and measured the signal-to-noise ratio (S/N) of the resulting signal (repeating
for Star B using Star A as basis). To measure the S/N of recovered signals, we implemented the
methodology of Mawet et al. (2014) for small number statistics induced by close separations. To
summarize briefly, we injected a synthetic planet signal of a known contrast at a specific position
angle and a separation r = n \/ D, where n is an integer. Figure 4.2 illustrates the S/N calculation
for a synthetic signal injected at S/N =5 to the HD 82984 A dataset. At separation r (green circle)
there are N = 277 resolution elements of size A/D, the characteristic scale of speckle noise. We
defined a resolution element centered at the injected signal (Figure 4.2 red aperture) and in N-3

resolution elements at that radius (Figure 4.2 white apertures), neglecting those immediately to
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either side to avoid the wings of the injected PSE. Then, using Eqn (9) of Mawet et al. (2014),

which is simply the Student’s two-sample t-test, we have

p(z,n2) = S 4.1)
524/ 1+ nlz
where T; = X(pixels in red aperture), To = mean[Y(pixels in white apertures)], and s, =

stdev[>(pixels in white apertures)], no = N-3, and S/N = p. This calculation was repeated for
signals injected in all N resolution elements in the ring at radius r, and we took the mean S/N
value as the S/N for that specified radius and contrast. We computed S/N for all n A/ D radii from
r = 1.7 /D (0.2”) to the outer extent of the postage stamp (indicated in Table 4.3) and for various
contrast values and interpolated the 5-0 contrast limit.

For each system we determined an apparent L’ or [3.95], as appropriate to the observation, mag-
nitude for the primary star by retrieving the WISE W1 (Acentrar = 3.35pum) and W2 (Acentral =
4.6pm) and interpolating an apparent magnitude at L’ or [3.95] using spectral type models from
CALSPEC (HST flux standard spectra, Bohlin et al. 2014). We converted the apparent 5-0 con-
trast limits to absolute magnitudes using the distances in Table 4.2. We determined an age for
each system from literature, and used the age and contrast limit absolute magnitude as constraints
to interpolate a mass from evolutionary models. For mass limits in the stellar regime, we used
isochrones from the BHACI1S5 evolutionary models; for substellar regime, we used the Marley
et al. (2021) evolutionary models. For observations in [3.95] filter, we re-interpreted for the [3.95]
filter in Clio by computing synthetic photometry for each isochrone point under the assumption
of a 2.3 mm PWYV atmospheric transmission model (ATRAN, Lord, 1992) and airmass of 1.0. As
noted in Section 4.3, we were unable to determine a literature age for two systems, HIP 67506 and
HD 151771, and used BHAC15 and SYCLIST isochrones respectively to interpolate an estimated
age, which we then used with BHACI1S to convert contrast limits to mass estimates in the same

manner.
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4.5 Results

We report in Table 4.3 a summary of the deepest contrast achieved for each binary system as
a function of number of KLIP modes (Nkrp) and separation in arcseconds and AU. Contrast is
reported in units of Alog;y(flux) between injected companion signal and host star at the 5-¢ level,
with corresponding mass in Mg. Figure 4.3 displays the results of our pipeline for HD 37551.
Figure 4.3 (top) shows the reduced images of HD 37551 A (left) and B (right), with the inner
1 A/D and outer ring masked. Figure 4.3 (bottom) shows the 5-0 flux contrast limits (left) and
mass limits (right) for A (purple) and B (red) as a function of separation in AU and arcseconds.
Similar plots for all stars in our survey are included in the supplementary material and are available

online.

4.5.1 Factors Affecting Contrast and Mass Limits

Variable conditions. We found that variable conditions during the observations dramatically
affected achievable contrast. Similarly, bad pixels, poor pixel correction, a high background level
relative to star peak also decreased achievable contrast. We found that limiting the datasets to
only the very best quality images achieved deeper contrast limits compared to having more lower
quality images in the basis set. For each dataset we inspected by eye and retained only the sharpest
images. In Table 4.3 we report the number of images used in the final reduction for each dataset
(Nimages)- The varying levels of contrast achieved from dataset to dataset is mostly a function of
the image quality of that particular observation; i.e. the highest Strehl images achieved the deepest
contrast limits.

Number of KLIP basis modes. We also found that the optimal number of KLIP modes to obtain
the deepest contrast varied between datasets. Figure 4.4 displays an example of contrast limits as a
function of KLIP modes for TWA 13 A. In this example, there is dramatic improvement in contrast
for Nxrip > 7, and the deepest contrast is achieved at Nkpp = 10 at 0.5” (4 M/D). The optimal
Nkrip for each system is reported in Table 4.3.

Binary contrast. The binary stars’ contrast, reported as AMag in Table 4.3, also affected the
depth of the companion search. The strength of BDI relies on achieving identical PSF signal-

to-noise between reference and target star, which will vary inversely with flux ratio between the
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two stars. In our survey, achieved contrast was generally poorer for systems with higher binary
contrast.

Age. Finally, the assumed age for the system affects the final mass limits we derived from
our measured contrast limits. As discussed in Sections 4.3 and 4.4.4, we made use of literature
ages to derive mass limits corresponding to our contrast limits for each system. For limits in the
substellar regime, this introduces some uncertainty that is not captured in the reported mass limits,
as luminosity in the infrared depends on age for substellar objects. For some systems in our survey
there were several discrepant ages in the literature; for others, there was no independent age for
the system, and we assumed the average age of the associated moving group, which has a range of
possible ages of members. For systems with literature age estimates, they were typically derived
from model fitting, which can vary with the assumptions underlying the model. Details of the age
we used for each system are described in Appendix A.1. Substellar objects cool with age, so for
two hypothetical objects with the same properties but different ages, the younger one will appear
brighter than the older one in observations. So if the actual age of our system were younger than
the age we assumed, our contrast limits would correspond to lower mass limits, and vice versa. In
most cases, the effect on limits would be minimal. For example, 2MASS J01535076-1459503 is a
Beta Pictoris Moving Group member (Messina et al., 2017), and we adopted the moving group age
of 2543 Myr (Messina et al., 2016). Computing corresponding mass limits for ages 2-0 younger
(19 Myr) and 2-0 older (31 Myr) results in a difference of ~0.05 My, at the highest contrast.
However in some cases there are widely discrepant ages in literature, such as for AB Dor AB,
which has age estimates spanning 5-240 Myr. This results in a ~15 My, difference in the mass
limits at the highest contrast between the youngest and oldest ages estimates. Our reported mass
limits and completeness estimates assume the age given in Table 4.2 for each system, and the

variation induced by differing ages in not captured in those limits.

4.5.2 Notable System Results

Here we discuss some notable results of select binary systems in our sample. The results for the

remaining objects in our survey are available digitally>.

3https://github.com/logan-pearce/Pearce2022-BDI-Public-Data-Release


https://github.com/logan-pearce/Pearce2022-BDI-Public-Data-Release
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HD 37551 — The Deepest Contrast

HD 37551 achieved the deepest contrast limits in our sample (A[3.95]=7.8 and 7.6 magnitudes)
at the deepest points for A and B respectively). This dataset also retained the highest number
of high-quality images in the final BDI reduction, due to the stable seeing conditions and AO
correction throughout the observation. We did not identify any candidate companion signals in

the reduced images. Figure 4.3 displays the reduced images and corresponding contrast and mass

limits for HD 37551.

HD 36705 — The Effect of Binary Contrast

HD 36705 is the most extreme case of the effect of binary contrast on the reduction in our
sample. HD 36705 A is a nearby (15 pc) bright (Gaia G mag = 6.7) KOV type star with an
M5-6 binary companion. We observed A[3.95]~2. Figure 4.5 displays a single image from the
HD 36705 dataset with a ZScale stretch to emphasize faint PSF features.

The image for HD 36705 A (left) is bright with many features apparent with strong signal-to-
noise. Several rings of the Airy pattern and a second set of diffraction spikes (oriented left-right)
visible for A which are lost in the noise for B. Figure 4.5 (bottom) shows the reduced image for
HD 36705 A (left), in which both sets of diffraction spikes are visible in the residuals, showing
incomplete starlight subtraction. The resulting contrast limits are poor, especially for A, due to the
residual starlight.

As there was no infrared excess observed for this system (see Appendix A.l), we interpret the
apparent “fuzziness” of the residuals near the core of HD 36705 B to be due to incomplete starlight
subtraction and not physical features. We do not expect either of the known stellar companions to

be visible in our reduction as they both have separations <0.2”.

HD 222259 — The Effect of Instrument Ghosts

The 2015 observation of HD 222259 contained an elongated PSF core shape due to residual
vibrations from suboptimal tip/tilt gain setting, as well as different optical ghosts to the lower left
of each star, shown in Figure 4.5 (bottom). These features show up clearly in the BDI reduction

as positive and negative valued areas to the northeast and around the center masked region in both
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Table 4.4: Gaia EDR3 Multiplicity Metrics for HIP 67506

Metric Value
RUWE 2.02
astrometric_excess_noise 0.22
astrometric_excess noise_sig 75.2
astrometric_chi2_al 2277.97
ipd_gof_harmonic_amplitude 0.0099
ipd_.fracmulti_peak 0

reduced images, and degraded the achieved contrast. Neither of these features are present in the

2017 epoch observation of HD 222259.

HIP 67506 — A Candidate Companion Signal

The BDI reduction of HIP 67506 contains a promising candidate companion signal, marked
with a red circle in Figure 4.7, which shows the BDI reduction of HIP 67506 and TYC 7797-34-
2 (labeled A and B) in MKO L’ reduced with 30 KLIP modes. The candidate signal, located at
separation ~1.3 /D (/0.2”) and position angle ~= 90°, is more similar to a PSF shape than any
other features in reduced images in our survey, although it is distorted due to its proximity to the
star core. The candidate signal rotated with the sky and did not smear azimuthally like the other
features at similar separation.

Other lines of evidence. HIP 67506 has an elevated RUWE in EDR3 (RUWE = 2.02; see Ap-
pendix A.l), indicating the possible presence of a companion unresolved in Gaia that caused it
to deviate from the assumed single-star model (Lindegren, 2018b). RUWE has been shown to be
highly sensitive to the presence of unresolved subsystems (Stassun and Torres, 2021; Penoyre et al.,
2020; Belokurov et al., 2020). Additionally, HIP 67506 has a statistically significant acceleration
(x? = 24) in the Hipparcos-Gaia Catalog of Accelerating Stars (HGCA, Brandt 2018). Kervella
et al. (2019) computed a statistically significant (S/N = 5) proper motion anomaly in the Gaia DR2
epoch which could be caused by a ~230 My, object at the candidate signal separation of 18 AU
(0.2”). Similarly, the Kervella et al. (2022) PMa catalog for Gaia EDR3 astrometry measured a
PMa which could be caused by a ~200-300 M, object at 18 AU.

While RUWE is the most complete and easy to interpret metric (Lindegren, 2018a), other met-

rics in Gaia can probe multiplicity. Perturbations of the source photocenter (caused by orbiting
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unresolved objects) compared to the center-of-mass motion (which moves as a single star) will
cause the observations to be a poor match to the fitting model, which registers as excess noise
via the astrometric_excess_noise parameter, and whose significance is captured in the
astrometric_excess_noise_sig parameter (>2 indicates significant excess noise). The
astrometric_chi2_al termreports the y? value of the observations to the fitting model. From
the image parameter determination (IPD) phase, ipd_gof_harmonic_amplitude is sensitive
to elongated PSF shapes relative to the scan direction (larger values indicate more elongation), and
ipd_-fracmulti_peak reports the percentage of observations which contained more than one
peak in the windows*.

Table 4.4 shows values of these metrics for HIP 67506. The IPD parameters are small, suggest-
ing that there are no marginally resolved sources (separation larger than the resolution limit but
smaller than the confusion limit, ~0.1-1.2”, Gaia Collaboration et al. 2021) present in the images,
however the astrometric noise parameters are large and significant, affirming the presence of sub-
systems. It appears possible that the subsystem(s) affecting the astrometry are closer than 0.17,
however the candidate signal’s position of ~0.2” is near the resolution limit so it is not ruled out
as a genuine signal by these metrics.

Candidate signal properties. Treating this candidate signal as a genuine companion, we esti-
mated the mass by injecting a negative template PSF in the same manner as Section 4.4.4. We
varied the separation, position angle, and relative contrast of the negative signal to minimize the
residual root-mean-square value of pixels within a diameter = 1\/D aperture centered on the in-
jected signal. We estimated the contrast between star and candidate companion to be AL’ ~5-5.5
magnitudes. We used the age of the system (/=200 Myr) and L' magnitude to interpolate a mass
estimate using BHACI1S5 evolutionary atmosphere models, and estimated a corresponding mass of
~60-90 Mj,,,, which spans the divide between high-mass brown dwarf and low-mass M-dwarf
regimes. This is however smaller than the mass estimates derived from the PMa. Given the prox-
imity to the star’s core, at separation ~1.3 A\/D, it is possible that some of the companion flux was
subtracted in the reduction. However the smaller mass estimate places the candidate companion

in an (age, luminosity, mass) regime with few other detected young high-mass brown dwarf com-

4See  https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/
ssec_dm _gaia_source.html for complete description of Gaia catalog contents


https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_dm_gaia_source.html
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panions (see Faherty et al., 2016, Fig 34), so if the small-mass estimate is valid this will be an
interesting benchmark object. This makes HIP 67506 a good target for follow-up observations to
confirm the companion, obtain spectral type, T.g, and log(g) estimates, and potentially a dynamical

mass measurement.

4.5.3 Completeness

We determined the survey completeness to stellar and substellar companions using a Monte
Carlo approach. Over a grid that is uniform in log(mass) € [-3,0] M, and log(semimajor axis) €
[0,3] AU we generated 5 x 103 simulated companions for each grid point, randomly assigned orbital
parameters from priors’, and computed the projected separation. A companion was considered de-
tectable if it fell above the contrast curve and undetectable if below. We determined completeness
as the fraction of simulated companions at each grid point that would have been detected at at least
SNR=5, with 1.0 corresponding to detecting every simulated companion, and 0.0 detecting none.
We computed survey completeness for each star in our survey, with contours at 10%, 50%, and
90% of simulated companions detected.

Figure 4.8 displays completeness for the entire survey, made by summing completeness maps
for every star in the survey (Lunine et al., 2008; Nielsen et al., 2019). Contours and colormap
give number of stars for which the survey is complete for a given (sma, mass) pair. Stars in our
survey cover a variety of separation regimes, and so individual completeness plots do not line up;
additionally individual completeness plots never reach 100% as some simulated planets fall outside
the inner resolution limit or outside detector when projected, and become undetectable. Thus the
maximum value in composite completeness plot is ~14 stars, even though all stars have some

fractional sensitivity to companions.

Seccentricity (e): P(e) = 2.1 - 2.2xe, e € [0,0.95], following Nielsen et al. 2019; inclination (i): cos(i) € Unif]-
1,1]; argument of periastron (w): w € Unif[0,27]; mean anomaly (M): M € Unif[0,27]; since contrast curves are
one-dimensional we did not simulate longitude of nodes
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4.6 Discussion

4.6.1 BDI Performance Compared to Other Observing Modes.

R15 described several advantages to BDI over ADI or “classical” RDI: 1. PA rotation is not a
consideration when planning and executing observations, 2. BDI allows reducing two stars with
1 observation (2x more efficient than ADI, 4x more efficient than RDI), and 3. It targets stars
often excluded from large direct imaging surveys (wide binaries). They used simulated companion
injections into a single MagAQO/Clio [3.95] dataset of HD 37551 to determine that BDI performed
~0.5 mag better than ADI at small separations (~17).

We did not explicitly test only-BDI vs only-ADI in our survey — some amount of rotation was
included with each BDI dataset but was not the source of diversity used to reconstruct the stellar
PSE. We found that the effectiveness of our reduction depends highly on the observing conditions
and image/detector quality, but these are factors which would affect both ADI and BDI equally.
However, ADI is not susceptible to the contrast between the two binary components, as discussed
in Section 4.5. R15 selected binaries with NIR Am < 2, but state this was not a strict requirement
based on their analysis. We found that for systems in the regime Amig ~ 1-2, 5-0 contrast limits
were shallower for higher Amyg, as PSF features visible in the bright star do not have sufficient
signal-to-noise in the fainter star to be fully subtracted. BDI is also susceptible to variation due to
anisotropy, unlike ADI and SDI, and the separation between the stars should be designed to fall

within the isoplanatic patch for the observing wavelength.

4.6.2  The Scientific Context of Our Survey

The small number of stars in our survey and their diversity of characteristics does not allow us
to make meaningful contributions to the occurrence rates discussed in Section 4.2. The 35 stars
in our survey to date span a range of spectral types, ages, (lack of) group membership, and binary
separations, and were chosen for their utility in the BDI technique. This initial survey represents
a contribution to probes of (sub)stellar companions in wide binaries; further observations of wide
binary systems are needed to continue to fill in the picture of brown dwarfs and giant planets in

wide stellar binaries.
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4.7 Conclusion

We have presented the results of 17 binary star systems imaged in NIR with MagAO/Clio and
reduced using Binary Differential Imaging and PCA techniques. Our achieved contrast was limited
by image quality, observing conditions, and binary star contrast. We detected a candidate compan-
ion signal around HIP 67506 A which is near the stellar-substellar boundary, and merits follow-up
to confirm companion status and characterize the companion.

Targeting young wide multiple star systems with direct imaging surveys is advantageous from
both a technical and astrophysical perspective. Simultaneously imaging the science and reference
star in the same filter within the same isoplanatic patch should provide superior PSF matching
for starlight subtraction, particularly when combined with PCA for building a PSF model. This
promises to be an even more powerful technique for space-based observations, including JWST, as
the PSF is much more stable and is not subject to anisoplanatism. Brown dwarf and giant planet
formation and dynamical evolution in binaries is a data-starved problem with many unanswered

questions, and is an important piece of the star and planet formation picture.
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Figure 4.3: Results of BDI-KLIP reduction of HD 37551. Top: reduced image of HD 37551 A reduced
with HD 37551 B as reference (left) and vice versa (right) using 15 KLIP modes. North is up and East is to
the left in both images. Middle: Contrast limits (left) and mass limits (right) as a function of separation for
HD 37551 A (purple) and HD 37551 B (red). These are the deepest contrast and mass limits in our survey,
reaching as low as 5M,;, in to 40 AU for both A and B. Bottom: Survey completeness maps for both stars
for a grid of (semi-major axis, mass) pairs. Color map indicates fraction of simulated companions which

would have been detected at each grid point. Contours indicate 10% (white), 50%, and 90% (inner-most
contour) of simulated companions detected.
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Figure 4.4: Contrast for TWA 13 A as a function of number of basis modes (Nkrp). The deepest contrast
is achieved at Nk p = 10 for this system. Optimal number of basis modes varies between datasets and is
reported in Table 4.3.
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Figure 4.5: Top: A selected image of HD 36705 A (left) and HD 36705 B (right) from our 2017 dataset,
shown with a ZScale stretch to emphasize the faint PSF features, with gray scale showing pixel counts. The
image of the two stars appear significantly different due to their large relative contrast (Amag = 2) and the
brightness of HD 36705 A in the MagAO [3.95] filter, with many features visible on A lost in the noise
for B. This resulted in contrast limits when used to perform BDI due to insufficient starlight subtraction.
Bottom: A selected image from the 2015 epoch HD 222259 observation, shown with a ZScale stretch. The
HD 222259 A PSF (left) contains a glint (bottom left corner), HD 222259 B (right) contains a different glint
(bottom of frame); both PSF cores are elongated. These features show up prominently in the BDI reduction.
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HD 36705

-1 0 1

Arcsec 1 0 1

Figure 4.6: Top: BDI reduction of HD 36705 using 20 KLIP modes. North is up and East is to the left
in both images. HD 36705 A is significantly brighter than HD 36705 B, and PSF features visible in A are
lost to noise in B, resulting in poor starlight subtraction and contrast limits, particularly for A. Bottom: BDI
reduction of HD 222259 using 24 KLIP modes. North is up and East is to the left in both images. Regions of
bright and dark pixels in the upper northeast corner are due to the ghosts visible in Figure 4.5, as are bright
and dark areas in the central regions.
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Figure 4.7: Top: BDI reduction of HIP 67506 (labeled A) and TYC 7797-34-2 (labeled B) using 30 KLIP
modes. North is up and East is to the left in both images. The candidate companion signal is located ~0.2”
(~2M/D) to the east of HIP 67506 (behind mask), indicated by the red circle. The candidate signal rotated
with the sky rotation, unlike the azimuthally broadened features at similar separation. Middle: contrast
curves for HIP 65706 and TYC 7797-34-2. We show mass limits for TYC 7797-34-2 using a young age
(500 Myr) and a field age (5 Gyr). Bottom: Completeness map for HIP 65706 and TYC 7797-34-2. Contours

show 10%, 50%, and 90% completeness.
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Figure 4.8: Completeness map for every star in our survey as a function of mass and semi-major axis.
Colormap and contours give the number of stars for which a given (sma, mass) pair is complete.



Chapter 5

HIP 67506 C: MagAO-X Confirmation of a New Low-Mass Stellar Companion to HIP
67506 A

“The story so far: In the beginning the Universe was
created. This has made a lot of people very angry and

been widely regarded as a bad move.”

Douglas Adams
Hitchhiker’s Guide to the Galaxy
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This chapter is reproduced from Pearce et al. 2023

5.1 Introduction

High-contrast imaging searches have found very low occurrence rates for close substellar com-
panions. For example, 9’:2% for 5-13 My, ~ 0.8’:8:2% for 13-80 M, companions within 10-100
AU in the recent results from the Gemini Planet Imager Exoplanet Survey (GPIES); (Nielsen et al.,
2019), while the SHINE survey (Vigan et al., 2021) found frequency of systems with at least one
substellar companion to be 23.073%°%, 5.8777%, and 12.671%°% for BA, FGK, and M stars. Yet
radial velocity, transit, and microlensing surveys point to higher occurrence rates in regions promis-
ing for future direct imaging contrasts and separation (e.g. Bryan et al., 2019; Herman et al., 2019;
Poleski et al., 2021). Decreasing the effective inner working angle (IWA) or resolution of observa-
tions increases the area of the accessible region proportional to (IWA) 2. Smaller IWAs extend the
reach to tighter regimes of nearby stars, and to the planetary regime of more distant stars (Mawet
et al., 2012). Working at small IWAs will be vital for the future of the high-contrast imaging field.

Rodigas et al. 2015 demonstrated that for visual binaries of separation ~2 — 10” and approx-
imately equal magnitude, a starlight subtraction via a principal component analysis-based refer-
ence differential imaging (RDI) algorithm using each star of the binary as reference for the other —
termed binary differential imaging (BDI) — outperforms the common angular differential imaging
technique at close separations. In Pearce et al. 2022 we used BDI to reduce a set of 17 visual bina-
ries imaged in L' and 3.95um filters with MagAO/Clio instrument on the Magellan Clay Telescope
at Las Campanas Observatory from 2015-2017. In that work we reported detection of a candidate
companion signal at 2)\/D separation to the star HIP 67506 A. Due to the proximity to the star’s
core we were unable to determine the nature of the companion, but had evidence to suggest it might
be near the stellar/substellar mass boundary.

In this work we report the results of follow-up observations of HIP 67506 A with the MagAO-
X instrument on the Magellan Clay telescope in April 2022 to confirm the candidate signal. We
report the discovery of HIP 67506 C, a previously unknown early-M type 0.1” (~ 20 AU) compan-
ion to HIP 67506 A. In Section 5.2 we describe the indirect indications pointing to the existence
of a hidden companion. In Section 5.3 we describe our MagAO-X follow up observations and

confirmation of HIP 67506 C, and in Section 5.4 our astrometric and photometric characteriza-



124

tion. Additionally in Appendix A we demonstrate that the previously identified 9”-separated star

HIP 67506 B is not actually physically associated.

5.2 Stellar Properties

HIP 67506 A is a field star (99.9% probability in BANYAN %J; Gagné et al. 2018) at 221.6+1.8
pc (Gaia Collaboration et al., 2021). It was identified as type G5 (Spencer Jones and Jackson,
1939), mass 1.2 M (Chandler et al., 2016), with effective temperature T.g = 6077 £ 150 K and
luminosity L = 0.37 £ 0.07 L, (McDonald et al., 2012). In Pearce et al. (2022) we used these
values to estimate an age of ~200 Myr from isochrone fitting to Baraffe et al. (2015) isochrones. It
was identified in the Hipparcos and Tycho Doubles and Multiples Catalog (Esa, 1997) as a binary
system with another star (HIP 67506 B) with separation 97, and dubbed HIP 67506 A and B.

5.2.1 Indicators of a Companion to HIP 67506 A

In the previous chapter we observed 17 visual binary systems and reduced the images using
the Binary Differential Imaging (BDI) technique (see also Rodigas et al., 2015) with Magellan
Adaptive Optics system (MagAO) (Close et al., 2013) and Clio science camera on the Magellan
Clay Telescope at Las Campanas Observatory in MKO L’ and 3.95um filters, from 2014-2017.
To summarize briefly, we simultaneously observed a science and PSF reference target by selecting
binaries of nearly equal magnitude, separated enough that their PSF features do not overlap, but
close enough to be within the isoplanatic patch at these wavelengths, making the target and refer-
ence PSF as close to equal in structure and signal-to-noise ratio as possible. We then reduced each
star with the other as the PSF reference, using Karhunen-Loeve Image Projection (KLIP; Soum-
mer et al., 2012) to reconstruct a model PSF from the reference star to subtract from the target
star.

We observed HIP 67506 AB on 2015-05-31 as part of this survey and detected a candidate
companion signal ~0.2” East of HIP 67506 A. Figure 5.1 displays the KLIP-reduced image of
HIP 67506 A from that paper, with the candidate signal marked by the red circle. The candidate
signal is distorted from a typical PSF shape — due its proximity to the star’s core (at 2\/D) the signal

was corrupted by PSF subtraction. However the fact that it did not appear to smear azimuthally like
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Arcsec

Figure 5.1: MKO L’ KLIP-reduced image of HIP 67506 A from our Binary Differential Imaging survey
described in Pearce et al. (2022). The central star is masked in the reduction, and the candidate signal is
marked with a red circle ~2” (2.0 A/D) to the east. This was identified as a candidate signal due to the
fact that it did not appear to smear azimuthally with derotation like the other residual structures at similar
separation, and the other indications described in Section 5.2.1

the other residuals at that same separation points to the possibility of its being a true companion
signal.

There are secondary indications of a companion to HIP 67506 A. Figure 5.2 shows a Gaia EDR3
BP minus RP vs absolute G magnitude color-magnitude diagram of Praesepe Cluster members
identified in Deacon and Kraus 2020 (orange), reproducing their Figure 4. Members they flagged
as overluminous and with elevated astrometric noise in Gaia ERD3, indicating an unresolved com-
panion, are marked with blue and purple triangles respectively. HIP 67506 A is marked with a
red star in the main and inset axes. HIP 67506 A clearly falls on the overluminous region above
the main sequence, indicating that the flux measured by Gaia is abnormally high for a single star,
pointing to the presence of an unresolved stellar companion.

HIP 67506 A also has indicators of an unresolved companion in Gaia astrometry. The Gaia
Renormalized Unit Weight Error (RUWE) is a signpost for unresolved companions. RUWE en-
capsulates all sources of error in the fit to the assumed single star astrometric model, corrected

for correlation with source color and magnitude. RUWE = 1 is expected for a well-behaved so-
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Figure 5.2: Gaia EDR3 BP minus RP vs absolute G magnitude color-magnitude diagram of Praesepe
Cluster members identified in Deacon and Kraus 2020 (orange). Objects they flagged as possible overlu-
minous binaries are outlined in blue up-pointing triangles, and purple down-pointing triangles are objects
they flagged with elevated astrometric noise, following their Figure 4. The position of HIP 67506 is marked
with a red star in the main and inset axis, which shows a close view of the region surrounding HIP 67506 A.
HIP 67506 A falls on the overluminous region above the main sequence, pointing to the presence of an
unresolved stellar companion.
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Figure 5.3: MagAO-X images of HIP 67506 Aand HIP 67506 Cin the four photometric filters g/, r/, ', 7/,
shown with log stretch. HIP 67506 Ais centered in each image, and HIP 67506 C, located 0.1” to the south
east, is marked by the white pointers. North is up and East is left, and the stretch and spatial scale is same
for each image.
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Table 5.1: Multiplicity Metrics for HIP 67506 A

Metric Value
Gaia
RUWE 2.02
astrometric_excess_noise 0.22
astrometric_excess_noise_sig 75.16
astrometric_chi2_al 2277.97
ipd_gof_harmonic_amplitude 0.0099
ipd_fracmulti peak 0
Hipparcos-Gaia Accelerations
HGCA y? (Brandt, 2021) 41

M; at 23AU from from PMa (Kervella et al., 2022) 270 My,

lution (Lindegren, 2018b)!. RUWE >2 indicates signficant devation from a single star model.
HIP 67506 A has RUWE= 2.02 in Gaia EDR3, indicating that a companion is likely.

While RUWE is the most complete and easy to interpret metric (Lindegren, 2018b), other met-
rics in Gaia can probe multiplicity. Perturbations of the source photocenter (caused by orbiting
unresolved objects) compared to the center-of-mass motion (which moves as a single star) will
cause the observations to be a poor match to the fitting model, which registers as excess noise
via the astrometric_excess_noise parameter, and whose significance is captured in the
astrometric_excess_noise_sig parameter (>2 indicates significant excess noise). The
astrometric_chi2_al term reports the x? value of the observations to the fitting model, with
lower values indicating better fit to observations. From the image parameter determination (IPD)
phase, ipd_gof_harmonic_amplitude is sensitive to elongated PSF shapes relative to the
scan direction (larger values indicate more elongation), and ipd_frac multi_peak reports the
percentage of observations which contained more than one peak in the windows?.

Table 5.1 shows values of these metrics for HIP 67506 A. The IPD parameters are small and
insignificant, suggesting that there are no marginally resolved sources (p ~0.1-1.2”, separation
larger than the resolution limit but smaller than the confusion limit, Gaia Collaboration et al. 2021)
present in the images, however the astrometric noise parameters are large and significant, affirming

the presence of subsystems. This points to a companion near or below the resolution limit of ~0.1”.

Thttps://www.cosmos.esa.int/web/gaia/dr2-known-issues#AstrometryConsiderations
2See  https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/
ssec_dm_gaia_source.html for complete description of Gaia catalog contents


https://www.cosmos.esa.int/web/gaia/dr2-known-issues#AstrometryConsiderations
https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/GEDR3/Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_dm_gaia_source.html
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Finally, HIP 67506 A also shows significant acceleration between the Hipparcos and Gaia as-
trometric measurements. The Hipparcos-Gaia Catalog of Accelerations (HGCA; Brandt, 2021)
measures the change in proper motion between a star’s Hipparcos and Gaia proper motion mea-
surements, as well as the positional difference between the missions, divided by the ~24 year time
baseline, and quantifies the deviation from linear motion. This acceleration is called the proper
motion anomaly (PMa). The HGCA shows a significant PMa for HIP 67506 A, with a x? = 41 for
the goodness of fit of a linear proper motion to the measured astrometry. This points to unresolved
subsystems causing acceleration.

Additionally, Kervella et al. 2022 produced a PMa catalog for Hipparcos-Gaia EDR3 which also
shows significant acceleration for HIP 67506 A (S/N = 9.31). They used the measured tangential
velocity anomaly to constrain the mass of the object causing acceleration (which is degenerate
with separation; Kervella et al. 2019). Using a mass of 1.3 Mg, for HIP 67506 A, they estimate a
companion of mass 180 Mj,,, at 10 au causing the observed acceleration of HIP 67506 A. Extrap-
olating this out to the 2015 projected separation of HIP 67506 C (48 AU), the acceleration would
be caused by a ~400 M, object. The position angle of the acceleration given in Kervella et al.
2022 is 96.643.8° for the 2016.0 Gaia epoch, which agrees within uncertainty with the candidate
signal position angle in 2015.4, as would be expected if the candidate signal were the cause of the
observed acceleration.

Combined with the candidate signal in our 2015 MagAO observation, these other lines of evi-
dence point to a strong chance of this being a genuine companion signal which merited follow-up

for confirmation and characterization.

5.3 Observations and Analysis

5.3.1 Observations

We observed HIP 67506 A on April 18th, 2022 with the extreme adaptive optics instrument
MagAO-X (Males et al., 2022) on the 6.5m Magellan Clay Telescope at Las Campanas Observa-
tory. We observed HIP 67506 A in four science filters: g’ (A\g = 0.527um, Aleg = 0.044pm), 1’
(Ao = 0.614pm, Adeg = 0.109um), i’ (A\g = 0.762um, Adeg = 0.126um), and 2’ (A9 = 0.908um,



Table 5.2: Stellar Properties of HIP 67506 A

Parameter

Previous Value Ref Our Value

Distance (pc)

Mass ( My)

Spectral Type

Te (K)

Luminosity (L)

Sloan mg,
Sloan m,,
Sloan m;,
Sloan m,,
Sloan g-r
Sloan r-i

102+86
1.240.1

G5

6077 £ 150
0.37 £ 0.07
11.04+0.01
10.66+0.01
10.56£0.01
10.50+0.01
0.38+0.02
0.11+£0.02

1
2
3
4
4
5
5
5
5
5

5

221.6+1.8°
1.240.2
F8-G2
60004350
191753
11.0440.01
10.67+0.01
10.59+0.01
10.55+0.01
0.3740.02
0.09+0.02

(1) van Leeuwen 2007, (2) Chandler et al. 2016,

(3) Spencer Jones and Jackson 1939, (4) McDonald et al. 2012,
(5) Zacharias et al. (2012), “Gaia EDR3 Gaia Collaboration et al. (2021)

Table 5.3: Properties of HIP 67506 C

Parameter Value
Stellar Properties

Spectral Type  K7-M2
Ter 36007320 K
log(L) -1.1719% Lo
Sloan my, 16.7+0.1
Sloan m,, 15.61£0.05
Sloan m;, 14.45+0.04
Sloan m,, 14.05+0.03
Sloan g-r 1.1£0.1
Sloan r-1 1.1640.07

Astrometry

2015-05-31
Separation 240 + 42 mas
Position Angle 85 + 13 deg

2022-04-18

Separation

Position Angle

100.9 £ 0.7 mas
145.1 £+ 0.8 deg
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A = 0.130um)>. MagAO-X is equipped with two science cameras, so we carried out science
observations in two filters simultaneously. The science camera EMCCDs were set to 5 MHz read-
out speed with EM gain 100. Observations in r/, i/, and z’ had exposure time 0.115 sec; g’ had
exposure time of 3 sec. We obtained dark frames of the same settings. The pixel scale is 6 mas
pixel ! (Long et al. in prep), and the science and dark frames were 512x512 pixels (3”x3”).
Seeing was stable at 0.4 throughout the observations.

We were unable to obtain observations of a photometric standard star. We observed HIP 67121
as a photometric standard, only to discover that it is itself a binary with separation too close to
resolve but large enough to distort the shape of the PSF core. We performed all further analysis
using HIP 67506 A as a photometric reference.

To reduce the raw images in each filter, we dark subtracted each science frame, registered each
frame using PHOTUTILS DAOSTARFINDER (Bradley et al., 2020; Stetson, 1987) to find the peak
of HIP 67506 A (uncertainty +0.05 pixels on peak finding) and SCIPY NDIMAGE (Virtanen et al.,
2020) to center it, and rotated each frame to North up and East left (rotate CCW by telescope
parallactic angle + 1.995 £+ 0.61 deg, Long et al. in prep). Finally we summed the images in each
filter to maximize the signal to noise ratio of the faint companion.

Figure 5.3 displays the final images in each science filter, shown with a log stretch. The com-
panion, HIP 67506 C, is clearly visible at 0.1” to the south east, indicated by the white cross-hairs.
The spacial scale and stretch are the same in each image. The companion signal was strongest in

the 7' filter.

5.3.2 MagAO-X Photometry

Measuring photometry. We obtained relative photometry for each filter with the following pro-
cedure. We estimated the background level by computing the median value in a wide annulus far
from the star’s halo (0.6”-1.2”). We used PHOTUTILS aperture photometry tools to sum all pix-
els in an aperture of radius 1\/Dcentered on A, and subtracted the sum of pixels with the same
aperture area valued at the background level, to estimate the flux from HIP 67506 A. To estimate

the flux from HIP 67506 C we repeated the previous with an aperture of the same size centered at

3Filter specifications and filter curves can be found in the MagAO-X instrument handbook at https://magao-x.org/
docs/handbook/index.html


https://magao-x.org/docs/handbook/index.html
https://magao-x.org/docs/handbook/index.html
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Figure 5.4: Results of our grid search of [z, y, c] values for a model which minimizes HIP 67506 C residuals
post-KLIP processing for the 2015 MagAO/Clio epoch. Each parameter is plotted versus the difference in
RMS between KLIP-reduced image with and without the model subtracted. Each parameter was fit with a

Gaussian function while keeping the others fixed at their peak value.

Data Model Residuals

b

Figure 5.5: Top: Data, model, and residual of the [x, y, c] that minimizes residuals in 2015 MagAO/Clio
observation. Data and residual images are post-KLIP processing, and shown with a log stretch; model image
shows the signal with peak values in Figure 5.4 that was subtracted from images prior to KLIP processing.
Middle and bottom: Data, model, and residuals from the 2D Gaussian model in the 2022 MagAO-X 7z’ image
for HIP 67506 A (middle) and HIP 67506 C (bottom).



133

its location. We subtracted the mean background value from the image, computed a radial profile
of the background subtracted image (excluding the region containing C), and used the flux at C’s
location in the radial profile to estimate the contribution from HIP 67506 A’s halo at that location,
and subtracted that as well. We converted the flux estimates into magnitudes and subtracted to
obtain the contrast in MagAO-X filters.

Uncertainty. To estimate the uncertainty in the photometry measurements, we used the method
of Mawet et al. 2014 for estimating signal to noise ratio in the regime of small number of photo-
metric apertures, as we have at the separation of HIP 67506 C. At the separation HIP 67506 C,
there are N = 271 resolution elements of size A\/D(the characteristic scale of speckle noise), where
r = nAD and n varies with the filter wavelength. We defined a ring of N-3 resolution elements
(neglecting those at and immediately to each side of HIP 67506 C) at separation  with radius 0.5
M D, then applied Eqn (9) of Mawet et al. (2014), which is the Student’s two-sample t-test:

p(z,n2) = —L 22 (5.1)

S92 1+n_12

:

where z; = HIP 67506 C flux, o = mean[.(pixels in apertures)], so = stdev[X(pixels in aper-
tures)], no = N-3, and S/N = p. The denominator of that equation is the noise term. We repeated this
procedure for HIP 67506 A, defining a ring of apertures beyond the halo of both stars to estimate
the background noise.

Applying the standard. We used HIP 67506 A as the photometric standard star, however litera-
ture photometry for HIP 67506 A consisted of a blend of flux from HIP 67506 A and HIP 67506 C,
since it was previously unresolved. To use HIP 67506 A as a standard we used our measured con-
trasts to separate the flux contributions from both stars. First we computed color transformations
for MagAO-X filters to Sloan prime system filters using MagAO-X filter curves, public Sloan
Digital Sky Survey transmission curves®, and a spectral type G5V model from the Pickles Atlas
(Pickles, 1998)°. We obtained published photometry for HIP 67506 A, displayed in Table 5.2,
from the UCAC4 catalog (Zacharias et al., 2012) and converted to MagAO-X filters using our
color transformation. We then computed the magnitude of HIP 67506 A and HIP 67506 C in the

“http://classic.sdss.org/dr3/instruments/imager/#filters
SMagAO-X to SDSS color transformations for all spectral types can be found in the MagAO-X instrument hand-
book


http://classic.sdss.org/dr3/instruments/imager/#filters
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Figure 5.6: The lowest x2 of all MIST model fits occurred for age~14 Myr when ages were constrained to
be the same for both objects. This figure shows the map of the reduced x? surface in log(Teg) and log(L)
for HIP 67506 A (top) and HIP 67506 C (bottom) for age = 14 Myr and the best-fitting values of metallicity
and rotation for each. The lowest reduced x? value for each is marked with an orange star. Contours denote
x2 =25, 50, and 100. Inset axis: x? of model verses model star mass for fits of models with age = 14 Myr.
The lowest x? values occurred at My = 1.13 Mgand Mc = 0.39 M.

MagAO-X system as:

AFlux + CFlux _ FO,Vega % 10—0.4><Totalmagin MagAO—X system (52)
Criux = Apiux X Flux Contrast (5.3)
AFlux % (1 + 10—0.4><magC0ntrast) — FO,Vega % 10—0.4><Tota1mag (54)

We then converted flux of A and C into the Sloan system using color transformation, displaying
in Tables 5.2 and 5.3.
5.3.3 Astrometry
Relative Astrometry Measurements

The 2015 MagAO/Clio L’ epoch and 2022 MagAO-X epoch give relative astrometry spanning a

7 year baseline.
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Figure 5.7: Color-magnitude diagram (CMD) of Sloan r’-i’ vs. Sloan g’ absolute magnitude. Points are
photometry from the CARMENES sample of well-characterized M- and L dwarfs (Cifuentes et al., 2020)
and a selection of Hipparcos stars with SDSS photometry and Teg estimates from McDonald et al. 2012.
Our photometry of HIP 67506 A (star) and HIP 67506 C (diamond) and uncertainties (black errorbars) are
overplotted. A and C are colored according to the Teg of the best-fit MIST model shown in Figure 5.6. The
best-fitting MIST models correspond to Teg values consistent with nearby objects on the CMD.

The 2015 epoch. The companion signal has been corrupted by the BDI KLIP algorithm — it is
no longer a recognizable PSF shape, and in Pearce et al. 2022 we estimated a smaller flux than we
measure in this work. The companion signal has been subject to over-subtraction by KLIP, and is
not reliable for estimating photometry and astrometry (Soummer et al., 2012; Pueyo, 2016).

To estimate the position of the companion, we performed a grid search of the parameters which
influence the signal strength in post-processing, similar to Morzinski et al. (2015) Appendix E.
For a grid of [z, y] pixel position and contrast ¢, we injected a negative signal, modeled from the
PSF of a median image of the HIP 67506 B 2015 dataset, into each HIP 67506 A image. We then
performed KLIP reduction via the method in Pearce et al. 2022 and measured the root-mean-square
(RMS) of pixels in a circle of radius 1.5\/D (~11 pixels) centered at the location of the companion
signal.

Figure 5.4 displays the grid search results for the x-pixel coordinate (left), y-pixel coordinate
(middle), and contrast (right) versus the difference in RMS between the reduced image with and
without the injected signal. We fit a Gaussian to each parameter, while keeping the other pa-
rameters fixed at their best value, and took the mean and standard deviation as the best modeled

parameter.
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Figure 5.5 (top) shows the unsubtracted, KLIP-reduced image of HIP 67506 C (left, same as
Figure 5.1, log stretch), the best value model from Figure 5.4 (middle, linear stretch), and the
residuals post-KLIP with that model subtracted from each image pre-KLIP (right, log stretch).
With HIP 67506 A registered at [z, y] = [89.5,89.5] (origin is lower left), we find: £ = 75.76 +2.63
pixels, and relative separation p, = 218 & 42 mas; y = 90.88 £ 3.02 pixels, p, = —22 4= 48 mas;
total separation and position angle is p = 240 4 42 mas, 6 = 85 4+ 13 deg.

The 2022 epoch.. We measured the relative astrometry in the MagAO-X z’ image following a
modified version of the method described in Pearce et al. (2019) and Pearce et al. (2021). We mod-
eled the PSF core as a simple 2-dimensional Gaussian function and varied the model parameters
using the python Markov Chain Monte Carlo package EMCEE (Foreman-Mackey et al., 2013) with
100 walkers. Our model had seven parameters: z,y subpixel position (Gaussian prior with p =
center from DAOStarFinder, 0 = FWHM/2.35, FWHM = 1\/D at 27 = 0.03”), amplitude
(Gaussian prior with ;1 = peak from DAOStarFinder, o = Poisson noise), background level
(Gaussian prior with ;1 = mean background level, o = background noise), Gaussian width in the
x and y direction (Gaussian prior with g = FWHM/2.35, 0 = 0.01), and rotation relative to x
axis (Uniform prior on [0, 7/2]). The chains converged quickly and we found that 5000 steps was
sufficient for chains to converge (Gelman-Rubin statistic < 1.2 for all parameters), with a burn-in
of 1000 steps.

We computed the model fit for the location of HIP 67506 A and HIP 67506 C in the 2022 7/
image, where HIP 67506 C’s signal was strongest. The data, model, and residuals for the two
measurements are shown in Figure 5.5 (middle and bottom). We used the MagAO-X astrometric
solution (Long et al., in prep)® to compute [p (mas), # (deg)] for each [Ax,Ay] (pixels) between A
and C in the MCMC chains, then took the mean and standard deviation as the [p, 8] for the 2022
epoch. Detector distortion is negligible at 0.1” (Long et al. in prep). We find p = 100.9 0.7 mas,
0 = 145.1 + 0.8 deg.

6 Available in the MagAO-X instrument handbook, https://magao-x.org/docs/handbook/


https://magao-x.org/docs/handbook/
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5.4 Results

5.4.1 Photometry

We compared our magnitudes in the Sloan filter system with synthetic photometry from two
stellar evolution grids, the Mesa Isochrones and Stellar Tracks (MIST, Dotter, 2016; Choi et al.,
2016; Paxton et al., 2011, 2013, 2015), and stellar tracks and isochrones with the Padova and
Trieste Stellar Evolution Code (PARSEC, Bressan et al., 2012).

We used our absolute g’, /, i/, and 2’ SDSS magnitudes for HIP 67506 A and HIP 67506 C as
well as g’-1’ and r’-1’ colors for evaluating which models in each grid best describe our observations.

For each isochrone set we minimized the x? of the synthetic photometry to our data as

Mxo s Mx mode ?
X2 B Z ( | l])\/[x uncer; : l) (55)

where M, is the absolute magnitude in a given filter or A magnitude in a color. We imposed the

constraint that the age must be the same for HIP 67506 A and HIP 67506 C, and computed the

final goodness of fit as x* = x4 + x2.

We obtained the MIST’ isochrone synthetic photometry in the SDSS ugriz system with rotation
rate v/ve = 0.0 and 0.4, [Fe/H] = [-4.00, -2.00] in 0.50 dex steps and [Fe/H] = [-2.00, +0.50] in
0.25 dex steps, and log(Age) = [5.0, 10.3] in 0.05 dex steps.

For MIST isochrone y2 minimization, we determine T.g = 60004350 K and log(L) = 0.280 0% L,
for HIP 67506 A, Te = 36007220 K and log(L) = -1.17+39¢ L, for HIP 67506 C.

Figure 5.6 shows the reduced y? surface for log(T.s) and log(L) for the overall lowest x>
MIST isochrone (x? = 36.7), with age = 14 Myr, rotation v/v.;; = 0.4, and [Fe/H] = 0.25 for
A and [Fe/H] = 0.0 for C. Values of log(T.s) are not well constrained for A, spanning from
log(Tes)~3.76-3.78 (5700-6000K). The insets in Figure 5.6 display reduced y? as a function
of mass at 14 Myr, with the best fitting values occurring at My = 1.1 Mg, Mc =0.4 M. A second
local minimum (x? = 39.2) occurred at age = 5.6 Gyr, Mj = 1.1 M, and M¢ = 0.65 M. (A plot

of x2. as a function of age is included in the supplementary material.)

7 Accessed from https://waps.cfa.harvard.edu/MIST/model_grids.html


https://waps.cfa.harvard.edu/MIST/model_grids.html
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Figure 5.8: Relative astrometry of HIP 67506 C relative to A for the MagAO 2015 epoch (purple) and the
MagAO-X 2022 epoch (orange). The abscissa and ordinate axes display position of HIP 67506 C relative
to A in mas in right ascension (RA) and declination (Dec). The motion of a non-moving background object
at the position of HIP 67506 C is given by the black track; the predicted position in 2015, given then 2022
position, is an open diamond. The observed position and uncertainty in each epoch is shown as filled circles
(uncertainties are smaller than the marker for the 2022 epoch). The observed motion of the HIP 67506 C is
not consistent with a background object, and is likely due to orbital motion.

We used PARSEC version 1.2S® with the YBC bolometric correction library (Chen et al., 2019)
and revised Vega SED from Bohlin et al. (2020), and retrieved isochrone tables from log(age)
= [6.0, 10.13] dex in intervals of 0.1 dex and metalicities [M/H] = [-4.0, 0.5] dex in intervals
of 0.5 dex, with synthetic photometry in the SDSS ugriz system. For PARSEC isochrone y?
minimization, we determine Teg = 60004350 K and log(L) = 0.29700% L, for HIP 67506 A,
Terr = 36007320 K and log(L) = -1.18739% L, for HIP 67506 C. Our photometry was insufficient
to place meaningful constraints on the age of either star.

Figure 5.7 shows a color-magnitude diagram of SDSS r-i color vs. SDSS g absolute magnitude.
HIP 67506 A (purple star) and HIP 67506 C (orange diamond) are plotted with our photometry
and colored according to our isochrone-derived T.s estimates. Also plotted are reference stars
from the CARMENES sample of well-characterized M- and L dwarfs (Cifuentes et al., 2020)
and a selection of Hipparcos stars with SDSS photometry and T g estimates from McDonald et al.
2012. Our colors and temperature estimates are consistent with the reference stars. We estimate the

spectral type of HIP 67506 A and HIP 67506 C to be SpTa ~ F8V-G2V and SpT¢ ~ K7V-M2V.

8 Accessed from http:/stev.oapd.inaf.it/cgi-bin/cmd


http://stev.oapd.inaf.it/cgi-bin/cmd
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5.4.2 Astrometry

Figure 5.8 displays a common proper motion plot of HIP 67506 C relative to HIP 67506 A. We
show the observed separation of HIP 67506 C in right ascension and declination for the 2015 and
2022 epochs (filled circles and error bars), the expected track if HIP 67506 C were a non-moving
background object (zero proper motion; black track), and the predicted position of HIP 67506 C
at the 2015 observation if it were a background object (open diamond). The observed position of
HIP 67506 C does not follow the expected motion for a distant background object. We infer that
the relative motion of HIP 67506 C is more consistent with a bound object than an unassociated
object. This is supported by the large proper motion anomaly of HIP 67506 A.

Using the two position angles of Table 5.3, we determined that the position angle of HIP 67506 C
at the Gaia epoch of 2016.0 was 90+-12°, which agrees with the proper motion anomaly vector PA
at the Gaia epoch of 96.6+4.1° (Kervella et al., 2022).

Our astrometry was insufficient to meaningfully constrain the orbit or dynamical mass, due to

there being only two astrometric points and large error bars on the 2015 epoch.

5.5 Conclusion

We have shown that HIP 67506 A has a previously unknown 0.1” companion, originally detected
in 2015 with MagAO/Clio and BDI in L. The shape was distorted from a typical PSF due to post-
processing, and might have been easily dismissed with the other residuals at that radius. However
several secondary indications hinted that the dubious candidate companion signal for HIP 67506 A
in Pearce et al. (2022) was a strong candidate and merited follow-up observations: the poor Gaia
astrometric signal, the significant PMa with the right acceleration vector angle, and the overlumi-
nosity of the Gaia photometry. Our analysis in Pearce et al. 2022 pointed to a possible high mass
brown dwarf. We followed up in 2022 with MagAO-X and the companion was immediately and
easily detected and determined to be a low mass star. The low S/N signal of HIP 67506 C at such
a small IWA was bolstered by secondary indicators, which turned out to be powerful predictors
of the genuine companion. We estimate HIP 67506 A and HIP 67506 C to be type F8—G2 and
K7-M2 respectively. Further astrometric and photometric measurements are required to constrain

properties and orbital elements.



Chapter 6

The ExAO Pup Search I: Five New (Candidate) Sirius-Like WD+MS Star Systems

“Any faith that admires truth, that strives to know
God, must be brave enough to accommodate the

universe.”

Carl Sagan

Contact
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6.1 Introduction

6.1.1 White Dwarf Pollution and Wide Stellar Companions.

In the Milky Way ~95% of stars will become white dwarfs (Althaus et al., 2010). White dwarfs
(WDs) are excellent laboratories for study of exoplanetary material compositionsas their extreme
gravity causes elements to quickly stratify, with with heavier elements sinking to the core, typically
retaining only hydrogen and/or helium in their photospheres (Schatzman, 1958; Koester, 2009; Al-
thaus et al., 2010; Koester, 2013). Around 30-50% of WDs show metal lines in their photospheric
spectra (Zuckerman et al., 2003; Koester, 2009; Zuckerman et al., 2010; Wilson et al., 2019). The
source of this “pollution” has been well established to be from tidally disrupted planetary material
rather than other sources such as the interstellar medium (Jura, 2008; Zuckerman et al., 2010).
Pollution has shown evidence of asteroid-like material, material from differentiated (core/crust)
bodies, icy bodies, and material chemically similar to the inner solar system (Zuckerman et al.,
2007; Génsicke et al., 2012; Farihi et al., 2013). The debris-disk hosting WD 1145+017 was found
to also host at least one minor planet in the process of disintegrating (Vanderburg et al., 2015).

Yet the reservoir of pollution material has been difficult to observe. Over 40 WDs are known
to host dusty debris disks (Farihi, 2016), some of which also contain gas (Génsicke et al., 2006,
2008; Farihi et al., 2012; Melis et al., 2012; Wilson et al., 2014; Manser et al., 2016), and which
formed after the main sequence and giant branch phases (Veras et al., 2018). Every known WD
debris disk orbits a polluted white dwarf, however confusingly only a small fraction of polluted
WDs are known to host debris disks; Wilson et al. (2019) measured a pollution fraction of 45+4%
but only 1.572% of WDs had measurable IR excess.

Given the short sinking times of most WDs, we expect pollution levels < 0.1% (Veras et al.,
2016), but given that we see pollution fractions of 30-50%, accretion must be ongoing or very
recent. Tidal disruption with subsequent deposition onto the surface of the white dwarf first re-
quires perturbation of a body’s orbit into a high-eccentricity orbit with a pericenter within the tidal
disruption radius of the star — the Roche radius, typically ~1 Rg (~0.01 AU, Fulton et al. 2014)
— where it is subsequently broken down into smaller pieces which eventually grind down into dust
and eventually deposit on the surface (Brouwers et al., 2022). Mechanisms for perturbing ma-

terial onto star-grazing orbits, however, are not well tested observationally. Post-main sequence
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mass loss can drive orbital evolution and instability for planets which survive engulfment (Debes
and Sigurdsson, 2002). The presence of a giant planet during mass loss pushes planetesimals into
mean-motion resonances (Bonsor et al., 2011; Debes et al., 2012; Frewen and Hansen, 2014; An-
toniadou and Veras, 2016), secular resonances (Smallwood et al., 2018; O’Connor et al., 2022), or
planet-planet scattering (Payne et al., 2016).

However such single-star mechanisms for driving pollution (post-MS mass loss, giant planet in-
fluences) predict a steep drop-off of mass accretion rate with white dwarf cooling time, which is not
supported by observations, and fails to account for pollution seen at Gyr cooling ages (e.g. Koester
and Wilken, 2006; Koester et al., 2014; Wyatt et al., 2014). Approximately three-quarters of WDs
with a binary companion are wide enough for the WD progenitor to evolve independently from the
companion and avoid a common envelope stage (Willems and Kolb, 2004), and the orbit expands
even wider as the progenitor evolves off the main sequence and loses mass. A wide binary stellar
companion presents one possible mechanism for driving WD accretion independent of cooling age.
The companion may be perturbed into highly eccentric orbits by stellar flybys, supernovae, and the
influence of the Galactic gravitational tide (Heisler and Tremaine, 1986; Brasser, 2001; Fouchard
et al., 2006; Veras and Evans, 2013; Veras et al., 2014; Kaib et al., 2013; Correa-Otto et al., 2017;
Hamers, 2018; Bazs6 and Pilat-Lohinger, 2020), perturbing material onto star-grazing orbits on
close periastron passages (Bonsor and Veras, 2015). Companion-induced von Zeipel-Kozai-Lidov
(vZ-K-L) (von Zeipel, 1910; Kozai, 1962; Lidov, 1962) oscillations can push bodies into high ec-
centricity and star-grazing orbits (Hamers and Portegies Zwart, 2016; Mustill et al., 2022). Secular
resonances can arise even in binaries wider than 1000 AU if a giant planet is present around the
primary (Bazs6 and Pilat-Lohinger, 2020; Petrovich and Mufioz, 2017; Mustill and Villaver, 2012).
The presence of a main sequence companion may also facilitate 2nd and even 3rd generation planet
formation around the WD (Perets, 2011).

If the companion is influencing pollution, then we should expect a higher fraction of polluted
WDs in binaries than for a random sample of WDs. Zuckerman (2014) examined 38 WDs with
common proper motion companions from literature and found no measurable difference in fraction
of polluted vs not polluted WDs in WD+MS wide binary systems (WDMS), although this study
was hampered by small sample size. Additionally they excluded any systems with semi-major axis

< 120 AU, and their closest separation system was 3.7”. Wilson et al. (2019) also examined the
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frequency of pollution in single vs binary WDs using UV metal lines for pollution and IR excess for
disks. Their sample from literature included 196 single and 38 WDs in binaries, of which 22 were
resolved in Gaia or Spitzer IRAC images, and was limited to WDs with cooling age 9-300 Myr.
They found that for 15 WDs in wide binaries, none exhibited measurable IR excess in Spitzer, and
that for 40 known polluted WDs with IR excess, none had wide companions in Gaia, and concluded
that companions can’t be involved in material delivery to the WD. However this study is limited to
the IR excess detection limits of Spitzer and the companion resolution limit of Gaia. Noor et al.
(2024) used Gaia DR3 to draw a large sample of polluted WDs from literature and searched for
common proper motion companions, and compared it to the occurrence of companions for random
selection of WDs in Gaia DR3 from 9 Myr — 8 Gyr. They used the simplifying assumptions that
projected separation = semi-major axis, and APM = Auv,,,, and so don’t consider the effects of a
non-circular, non-face-on orbit (a likely condition given the probability of wide companions being
perturbed, e.g. Kaib et al. 2013). Additionally they made use of the Gaia RUWE parameter < 1.4
(Lindegren et al., 2021) as indication of lack of any other companions in the system, a reasonable
assumption but not a definitive indication of lack of additional companions, especially companions
wider than ~0.5”. This study provided a large sample size spanning a wide age range, however was
limited to only objects resolved in Gaia, with its magnitude limit of 20 mags and its resolution limit
of 0.5-17 (Lindegren et al., 2021). They also concluded that a wide companion has no influence
on pollution. To date no studies have looked at the orbital parameters of polluted and non-polluted
WDMS systems.

While the roll of wide companion plays in pollution is starting to look negligible, there is still
room in the parameter space meriting continued exploration. The majority of known WDMS
systems are WD companions to M-dwarf stars. WD companions are easier to find around M
dwarfs where the WD-M dwarf contrasts are very low and the WD dominates the blue end of
the system SED. For earlier type stars (AFGK spectral types), the WD companion signal can be
drowned out by the brighter, bluer (compared to M stars) MS star signal. WD companions to such
so-called “Sirius-like Systems” (SLS; Holberg et al. 2013, hereafter H13) are rare compared to
evolutionary predictions (50-60% of F-B stars are binaries yet only 32+8% are observed, Holberg
2009; Ferrario 2012), indicating many WD companions are likely being missed in the glare of their

brighter hosts, particularly if they are close enough to be unresolvable in imaging. The surveys
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> 1”7 (see Section 6.4.1).

~Y

described above targeting SLS were typically limited to separations
Surveys targeting more massive AGK type stars at closer separations will continue to fill in the

WDMS population parameter space.

6.1.2 The ExAO Pup Search: Extreme AO and WD Pollution

The new generation of ground-based, extreme adaptive optics (ExXAO) high contrast imaging
instrumentation is well suited to push this to closer separations and probe SLS systems. ExAO
instruments are designed to work at high contrasts (10~¢ and greater) and close angular resolutions
(O 10’s — 100’s of mas) for direct detection of exoplanets. Close WD companions will have much
lower contrasts (O 1072 — 10~%), enabling relatively simple detection.

We are leveraging the power of the new EXAO instrument MagAO-X (Males et al., 2022) to-
wards these problems with a survey called TheExAO Pup Search: The extreme AO non-interacting

white dwarf-main sequence binary system survey'. The Pup Search has three main objectives:

1. Detect new non-interacting WDMS binary systems with EXAO instruments MagAO-X (and
eventually SCEXAO) and observe new systems for pollution with high-resolution spec-

troscopy in the near UV with HST and/or Keck/HIRES.

2. Determine pollution rates for WDMS systems compared to single WDs, and as a function of

cooling age and compare to estimates such as Veras et al. (2018)

3. Monitor orbits of new and previously known resolved WDMS system to determine preva-
lence of high-eccentricity orbits of MS companions for polluted WDs and compare to esti-
mated orbital parameters for the binary to be influencing pollution, such as those in Stephan

et al. 2017 and Veras et al. 2017 Fig 3.

We observed an initial set of Pup Search targets in 2022 and 2024, and detected 5 new WDMS
star system candidates, 2 new stellar binaries, and one candidate companion of undetermined na-
ture. In this work we report the design of the Pup Search and present the initial detection and

photometry of new WD candidate companions. In Section 6.2 we describe the Pup Search target

'The name is a reference to the first known wide White Dwarf- Main Sequence system, Sirius AB discovered in
1844 by Friedrich Bessel when he observed changes in the proper motion of Sirius (Bessel, 1844), first observed by
Alvin Graham Clark (Flammarion, 1877), and confirmed as the second ever known WD via its spectrum obtained by
Walter Adams (Adams, 1915). Since Sirius A is the “Dog Star”, Sirius B was nicknamed “The Pup”
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selection, recent observations, and data reduction. In Section 6.3 we report new confirmed and can-
didate signal detections, non-detections, and contrast curves. In Section 4 we discuss implications

of these new detections in the wider WDMS picture and the future of the Pup Search.

6.2 Observations

6.2.1 Target Selection

Our Pup Search targets are drawn from the catalog produced by the White Dwarf Binary Path-
ways Survey (Parsons et al., 2016) in Ren et al. 2020 (hereafter R20). The White Dwarf Binary
Pathways Survey is interested in post-common envelope WDMS systems (PCEB). They measured
radial velocities of 275 WD+AFGK candidates identified from TGAS (Tycho-Gaia Astrometric
Solution, Michalik et al. 2015), Gaia DR2 (Gaia Collaboration et al., 2016, 2018), and GALEX
(Bianchi et al., 2017) UV excess, 151 of which have >2 RV observations, and selected 23 candidate
systems most likely to be close PCEBs based on RV variation. Thus they produced a well-vetted
catalog of 128 candidate WD+AFGK systems with wider separations potentially accessible to
ExAO. From those 128 we selected 84 which were not identified as spectroscopic binaries in Sim-
bad (Wenger et al., 2000) and for which the MS star is bright enough for ExAO (Gaia G magnitude
<1D).

Figure 6.1 (bottom) shows a Gaia color-magnitude diagram of our 84 target MS star candidate
WD companion hosts. All of our targets fall within the AFGK region of the CMD, and approx-
imately 60% fall in the giant branch region, estimated as the region outlined in blue in Figure
6.1. To prioritize targets we use the star’s Gaia renormilized unit weight error (RUWE, Linde-
gren 2018b) as a guide for multiplicity. RUWE encapsulates in a single number all deviation from
Gaia’s assumed singly star model, and RUWE 2>1.2 could indicate multiplicity within the range
of Gaia’s sensitivity (Belokurov et al., 2020; Andrew et al., 2022; El-Badry, 2024).

6.2.2 Imaging Data

We observed 5 Pup Search targets in 2022 and 14 in 2024 with the EXAO instrument MagAO-X
(Males et al., 2022) on the 6.5m Magellan Clay Telescope at Las Campanas Observatory in Chile.
MagAO-X is equiped with four broadband science filters: ¢’ (A\g = 0.527um, Adeg = 0.044pm), r’
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Figure 6.1: Left: Pup Search targets in RA/Dec. Targets accessible to MagAO-X from Las Campanas Ob-
servatory are plotted in blue, targets accessible to northern hemisphere instruments are in magenta. Targets
outlined by the purple star were observed in fall 2022, and the yellow star in spring 2024. Right: Pup Search
targets color magnitude diagram in Gaia absolute G magnitude vs Gaia bp - rp color. The red points mark
the 84 wide candidate WDMS systems identified in Sec 6.2.1. The grey points are the 10,000 nearest high-
quality solutions (ruwe < 1.1) in Gaia DR3, with approximate spectral type ranges marked in blue (adapted
from the spectral type-color relations in Pecaut and Mamajek 2013). The inset axis shows a zoomed view of
the region of interest. The blue region marks the approximate location of the giant branch. All of our target
MS stars fall within the AFGK region, and ~60% are in the giant star region.
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(Ao = 0.614pm, Adeg = 0.109um), 7’ (Ag = 0.762um, Adeg = 0.126um), and 2’ (Ao = 0.908um,
Aleg = 0.130pm)? and two science cameras, so we carried out science observations in two filters
simultaneously. The pixel scale is 5.9 mas pixel ! (Long et al. submitted), and the science and
dark frames were 1024 x 1024 pixels (67 x67).

The science camera EMCCDs were set to 5 MHz readout speed with EM gain 100. Observations
in7’, 4, and 2’ had exposure time 0.115 sec; ¢’ had exposure time of 3 sec. We obtained dark frames

of the same settings. Seeing was stable at 0.4” throughout the observations.

December 2022

Conditions in 2022 were variable and we were only able to obtain usable images for 3 of the 2022
targets (TYC 4831-473-1, TYC 169-1942-1, and TYC 1262-1500-1). All targets were observed in
7" and r’ simultaneously with the science camera EMCCDs set to 5 MHz readout speed with EM
gain chosen based on conditions to maximize potential companion signal without saturating host

star, and is tabulated in Table 6.1.

March-May 2024

We observed 13 Pup Search targets in March of 2024 and one in May 2024. All observations
were obtained without a coronagraph in z'/i’ simultaneously and 7'/¢’ simultaneously. All obser-
vations were made using the science camera EMCCDs set to 5 MHz readout speed with EM gain
chosen based on conditions to maximize potential companion signal without saturating host star,
and is tabulated in Table 6.1. Seeing was variable across observations and ranged from ~0.4-0.9”

and conditions were excellent for most observations.

6.2.3 Data Reduction

We made use of multiple different reduction methods for removing the stellar point-spread func-
tion (PSF) depending on the observation. Which method was applied to each system is tabulated

in Table 6.1. Here we describe how each method was accomplished.

2And an Heo narrow and continuum filter and a CH, narrow and continuum filter, which are not relevant to this
survey. Filter specifications and filter curves can be found in the MagAO-X instrument handbook at https://magao-x.
org/docs/handbook/index.html


https://magao-x.org/docs/handbook/index.html
https://magao-x.org/docs/handbook/index.html
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Radial Profile Subtraction (“rad sub”): For some systems, the fainter companion was bright
enough and well-separated enough to be readily visible on-sky before any PSF subtraction. For
these observations, we frame-selected to 700-800 of the best images, dark subtracted, registered,
derotated, and summed the images. We estimated the background as the median of an annulus
around the central star outside the companion and deformable mirror speckles using photutils,
(Bradley et al., 2023) and subtracted the background, and finally subtracted the host star’s radial
profile to remove stellar halo at the location of the companion. We estimated the location of host
and companion in the reduced image by fitting an Ast ropy 2D Gaussian function (Astropy Col-
laboration et al., 2022) to the PSF core, and computed the relative photometry using a photutils
aperture with radius 1A/ D centered on host and companion.

Karhunen-Loeve Image Processing + Angular Differential Imaging (KLIP ADI): Systems for
which a companion was not readily visible in imaging, and for which we had adequate sky rota-
tion, were reduced using the principal component analysis (PCA) based Karhunen-Loeve Image
Processing (KLIP; Soummer et al. 2012) method with angular differential imaging (ADI) using
the python package pyklip (Wang et al., 2015). Briefly, ADI observations involve allowing the
field to rotate during observations, such that astrophysical sources rotate through the image while
optical artifacts (speckles, diffraction spikes, deformable mirror speckles) remain fixed. For each
image in a dataset, KLLIP produces an eigenimage basis set from the other images, then projects the
target image onto the first /V eigenimages of the basis set, where NV is an integer, to create a PSF
estimator; assuming adequate sky rotation companion signals should not be in the PSF estimator.
The PSF estimator is then subtracted from each image, the image is rotated to north-up-east-left,
and the resulting image cube is combined to produce the final image. For each KLIP reduced
dataset we selected ~700 frames that span the observing time but allow rotation between frames
to mitigate self-subtraction.

Classical Angular Differential Imaging (Classical ADI): We also made use of classical ADI
(Marois et al., 2006) to search for candidate signals, particularly at large separations where KLIP
is computationally inefficient. We preformed classical ADI by selecting the best frames spanning
the observation time, producing a PSF estimator from the median of those frames, subtracting the
PSF estimator from each frame, then rotating and combining the frames into a single image. We

also applied an unsharp mask to bring out and candidate signals.



149

Reference Differential Imaging (RDI): For some targets we were unable to attain much sky
rotation during the observation due to varying observing constraints. We reduced these datasets
using reference differential imaging (RDI). With RDI a reference PSF is produced by observing
another star nearby in time and and space to the target star, or by using an established reference
star image database for the instrument. We did not plan RDI observations, and so didn’t obtain
observations of a reference target; since MagAO-X is a new instrument no pre-existing reference
star dataset exists. Thus our RDI reduction is sub-optimal. Nevertheless, for each relevant star we
had another Pup Search target observed that same night in similar seeing conditions (although not
nearby in space) which we could make use of for an RDI reduction. For these datasets we made a
PSF estimator as the median image of the reference star dataset, then for each image in the target
star dataset we scaled the estimator to match the image, subtracted the estimator from the image,

rotated and combined the dataset, applying an unsharp mask to the final image.

6.3 Results

We detected 8 new candidate companions, identified in Table 6.1 by their Pup Search name.
Seven are identified as candidate companions since they only have one epoch of imaging. However
for the companion to TYC 4831-473-1 we have two epochs and were able to establish companion
status through common proper motion analysis (see Sec 6.3.1). Companion properties are given in

Table 6.2 and in the text that follows.

6.3.1 Detections
Companion Photometry

Radial profile reduced datasets: For each wide companion reduced via radial profile subtrac-
tion, we used the host star as the photometric reference star to obtain absolute photometry for the
companion. Candidate signal photometry is shown on a color-magnitude diagram in Figure 6.2
and Figure 6.7.

KLIP reduced datasets: For candidate signals discovered in KLIP-reduced datasets, we esti-
mated the photometry using negative signal injection. Into each image in the dataset we injected

a negative PSF estimator (a scaled and inverted median PSF from the dataset) at a known separa-
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Figure 6.2: Color-magnitude diagram of the confirmed and candidate companions from Table 6.2 shown
in SDSS ' — 2’ color and SDSS i’ absolute magnitude. Colored markers give measured photometry in
MagAO-X filters converted to SDSS filters using color conversion table; host stars are marked with stars,
companions are marked by circles. Grey dots are the same Gaia sample from Figure 6.1 converted to SDSS
colors using GaiaXPy (Ruz-Mieres and zuzannakr, 2023) to generate synthetic photometry from Gaia DR3
spectra.
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tion, position angle (PA), and contrast, reduced the dataset using the same KLIP configuration, then
measured the root-mean-squared (RMS) variance at the candidate signal location. We repeated this
for an array of separations, PAs, and contrasts and determined the injected signal which minimized
the RMS in the reduced image.

For companions in the white dwarf regime of the CMD in Figure 6.2, we fit synthetic photom-
etry to our measured contrast from Bergeron et al. (1995, hereafter B95) cooling models (updated
in Holberg and Bergeron 2006) for hydrogen-dominated white dwarfs®>. The synthetic photome-
try absolute magnitudes is provided for multiple photometric systems in (Teg, log(g)) bins, with
Tegfrom 1500-5500 K with 250 K spacing, 6000—17,000 K with 500 K spacing, 20,000-90,000 K
with 5000 K spacing, and 100,000-150,000 K with 10,000 K spacing, and log(g) from 7.0-9.0 in

bins of 0.5. For each WD candidate companion we used the following procedure:

1. We generated a “bootstrapped” array of 1000 simulated observations drawn from our com-
panion fluxes and uncertainty in each filter 2/, i, ' (we excluded ¢’ due to poor photometry
in that filter), converted to AB magnitudes, then applied color correction to convert from
MagAO-X filters to SDSS filters to obtain 1000 SDSS apparent magnitudes and uncertain-

ties from our observations

2. For each WD (T.g, logg) pair in the synthetic photometry models we generated a random
array of 20 parallaxes from a normal distribution described by the Gaia parallax measure-
ments for the primary and computed absolute magnitude in each filter for each of the 1000
bootstrapped observations, such that each model (T.g, logg) pair has 20,000 simulated ob-

servations to compare

3. We computed goodness-of-fit using a x? metric:
Mgy s — M,
=) (—d’f ’f> 6.1)
7 o

where f are the filters 2/, ¢/, ’; M, s is the simulated observation absolute magnitude in each

filter; M, s is the B95 simulated photometry absolute magnitude; and o is the uncertainty in

3 Accessed from https://www.astro.umontreal.ca/~bergeron/CoolingModels/ on July 30th 2024


https://www.astro.umontreal.ca/~bergeron/CoolingModels/
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each filer, taken from the signal-to-noise ratio (S/N) in each filter as oy = g/‘i—l\{ and converted
f

to magnitudes.
4. we computed a total x2, = > / Xfc for each simulated observation for that model

5. The final y? for each each model (T.g, logg) pair is the mean and standard deviation of the

X2, of the simulated observations

By computing model fits to bootstrapped simulated observations spanning our uncertainties and
Gaia parallax, we incorporated the uncertainties in our observations and parallax and obtained
uncertainties on the y? value for each fit. This procedure assumes the companion is bound to the
primary, which we have only established for PupS-1B to date (Section 3.1.3).

For companions in the main sequence regime, we fit Phoenix stellar spectra (Allard et al.,
2012) to our photometry using pysynphot (STScl Development Team, 2013) and the following

procedure:

1. we generated a “bootstrapped” array of 10,000 simulated observations drawn from our pho-
tometry and uncertainty in each filter 2/, 7/, r’ (we excluded ¢’ due to poor photometry in that

filter)
2. we selected a filter and generated synthetic photometry for the model in that filter

3. for each set of simulated observations, we computed a scale factor to scale the model to the

simulated photometry

4. we computed new synthetic photometry from the model for each filter and computed goodness-
of-fit using a x? metric:
Fys—F,
2 df m,f
= —_— 6.2
=) ( - ) (6.2)
f

where f are the filters 2/, i’, r’; F}; ; is the simulated observation flux in each filter; F,, ; is

the scaled model flux in each filter; and o is the uncertainty in each filer, taken from the

Far

signal-to-noise ratio (S/N) in each filter as o = g e

5. we computed a total 2 and mean and standard deviation in the same manner as above.
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In scaling this way we fit the shape of the model to our photometry and do not include uncer-

tainties in distance and radius (which is entirely unknown).

Companion Astrometry

Rad sub reduced datasets: To estimate companion separation and position angle, we performed

a bootstrap simulation:
1. We selected a random subset of N images, where N < Niotal images

2. We reduced the subset of N images following the radial profile reduction described in Sec

6.2.1

3. We fit a 2D Gaussian model to the host star and companion signal and computed relative

separation in mas and position angle east of north

4. We repeated this procedure /V,,; times and took the final separation and position angle as the

mean and standard deviation from the NV, trials

We used N = 500 and N,,; = 100 for each of the candidate and confirmed companions.
KLIP reduced datasets: For the signals discovered in KLIP reductions, we took the separation

and PA of the negative injected signal described above.

PupS-1B

A candidate companion was detected to the north west of TYC 4831-473-1 in Dec 2022 and
again in Mar 2024. Fig 6.3 shows a i’ image from 2022 and a 2’ image of the system from the 2024
observation, with the companion marked by a red circle ~900 mas to the northwest. TYC 4831-
473-1 is estimated to have a spectral type of ~G2V based on Gaia DR3 colors and Pecaut and
Mamajek (2013) reference colors. Its Gaia DR3 RUWE is 1.14. The companion’s photometry
falls in the WD sequence, as shown in Figure 6.2.

Our photometry rules out helium-dominated (DB) spectral types. Figure 6.4 (top) shows the
x? surface for the B95 fits to our photometry with values interpolated between model grid points.
There is a relationship between T.gand log(g) — higher T.gmodels fit better at higher log(g) and

vice versa. The orange star marks the best fitting model grid point at T.g = 11,000 K, log(g) = 8.0,
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with orange solid and dotted contours showing regions within 1o and 20 respectfully of that best
fitting model. 6.4 (bottom) shows our observed absolute magnitude and uncertainty per filter (teal)
with synthetic photometry for all models within 20 of the lowest x? (best fitting model). The
best fitting model has Tog = 11,000 K, log(g) = 8.0, but in our final reported results we include
all models with x? within 1o of that model’s x?, and determine that PupS-1B has T.g = 9,000 —
17,000 K and log(g) =7.5 - 8.5.

PupS-1B Common proper motion

With two epochs of relative astrometry spanning ~1.2 years, we were able to confirm companion
status. Figure 6.5 shows the common proper motion of the companion relative to the host star. The
black track shows the expected path of the companion relative to TYC 4831-473-1 if it were a
non-moving background object; the circles mark the observed offset from the host star in the two
epochs. Relative to the 2022 epoch, if the companion were a non-moving background object we
would expect to observe it at the location of the red diamond in the 2024 epoch; instead we observe
it at the location of the red circle. Our observed motion is not consistent with a background object,
so we conclude that PupS-1B is not a background object and posit that the observed motion is due

to orbital motion. Future observations are needed to begin to constrain the orbit.

PupS-cc2

PupS-cc2 is a candidate companion signal ~500 mas (20 au) to the south-west of GO9IV (Torres
et al., 2006), subgiant (Jofré et al., 2015) star TYC 4913-1224-1 (aka 33 Sex). It falls below the
main sequence as shown in Figure 6.2, suggesting it is bluer than a main sequence star. PupS-cc2
then is likely an M-dwarf + WD unresolved binary. It does not fit the properties of a cool subdwarf
(Gizis, 1997), as 33 Sex is estimated to be 5 Gyr old giant star (Tsantaki et al., 2013; Jofré et al.,
2015; Delgado Mena et al., 2019; Gaia Collaboration et al., 2023) with solar metallicity (Jofré
etal., 2015) classified as a high-alpha metal rich Galactic disc star (Costa Silva et al., 2020), which
is not consistent with the old age and subsolar metallicity comprising the subdwarf population
(typically Pop II halo stars, Lépine et al. 2007). Thus we conclude it is likely an unresolved WD

companion responsible for the abnormally blue color.
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Figure 6.3: MagAO-X images of theconfirmed and candidate companion signals in this work, including the
2022 and 2024 detections of PupS-1B. All images are North up/ East left; the filter, host star, and observation
date are as indicated. Scale bars show 0.5” and corresponding physical scales. The companion is marked by
ared circle.
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Figure 6.4: Model fit results for PupS-1B to Bergeron et al. (1995) synthetic photometry. Top: x? map
with model effective temperature on the X-axis and log(g) on the Y-axis with value interpolated between
grid points. There is a degeneracy between T.gand log(g). The best fitting model is marked with an orange
star, with the orange solid and dotted contours showing 1- and 20 surfaces from that minimum x? value.
Bottom: the absolute magnitude in the three filters for all models within 1 o of the best fitting model (mean
x* < min[x?]40ypin[y2). solid markers) and 20 (mean x? < min[x*]+20,in[2) transparent markers)
compared to our observations (teal open circles) and uncertainties (teal bars; thick bars are 1o and thin
bars are 20 uncertainties) at the mean Gaia DR3 parallax for the primary. The colors show the Tegof
the model and the marker shape shows the log(g). The best fitting model is T.g = 11,000K, log(g) = 8.0
(x% = 4.5 £ 4.4), followed by Teg = 10,500K, log(g) = 8.0 (x? = 5.2 + 4.2), T.g = 8500K, log(g) = 7.5
(x? = 5.6£4.6), Teg = 17,000K, log(g) = 8.5 (x? = 7.244.8), Teg = 16,500K, log(g) = 8.5 (x? = 9.6+5.8),
and T.g = 30,000K, log(g) = 9.0 (x? = 11.4 £ 6.2).
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Figure 6.5: Common proper motion plot for PupS-1B. The offset from TYC 4831-473-1 in RA and Dec
are given on the x- and y-axis respectively, with our observed position in 2022 and 2024 are given by the
blue and red circles. If PupS-1B were an unmoving background star, it would follow the black track relative
to TYC 4831-473-1, given by the host star’s proper motion and parallax; we would have observed PupS-1B
at the location of the red diamond in 2024. Our observed location is highly discrepant with this predicted
location and moving in the opposite direction in RA. We conclude that PupS-1B is not a background star,
and posit that the apparent motion of PupS-1B is due to orbital motion. More observations are required to
begin to pin down orbital parameters.

Astrometric time series is needed to establish relative motion between 33 Sex and PupS-cc2; as
33 Sex is a high-proper motion star it shouldn’t take too long to establish common proper motion.
As 33 Sex is well characterized, astrometric time series should be able to constrain companion
mass.

Phoenix models did not fit our photometry well, with the lowest x? value being ~18. Our
photometry was bluer than the Phoenix models, with the 7’ being consistently brighter than the
models as can been seen in Figure C.4, and is consistent with its being a subdwarf. We estimate
this star to be approximately a mid-M dwarf, but further careful photometry and spectroscopy is
needed to determine its spectral type. While it is not a new SLS system, it merits further followup
as an interesting object.

Figure 6.6 (top) shows the proper motion anomaly (PMa) curve for 33 Sex (generated using
the catalog and methodology of Kervella et al. 2022), indicating the mass sensitivity as a function
of separation for the observed acceleration of the star between the Hipparcos and Gaia astromet-
ric measurements; the orange vertical line marks the separation of cc2, and the horizontal line

marks the approximate mass of a mid-M dwarf star. Its position well above the sensitivity curve
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Figure 6.6: Proper motion anomaly (PMa) plot for 33 Sex (host of PupS-cc2; top) and TYC 5518-135-
1 (host of PupS-cc7; bottom) using the methodology of Kervella et al. (2022). This plot describes the
(minimum) mass of an object as a function of separation that would produce the observed proper motion
anomaly between the Hipparcos and Gaia observations. Left: The orange vertical line marks the separation
of cc2 from 33 Sex, and the horizontal orange line marks the approximate mass of a mid-M dwarf. This
suggests the cc2 is either not in a face-on orbit (as assumed by the sensitivity function), or another object is
contributing to the observed PMa and cc2 is not responsible for the observed acceleration. Right: The orange
vertical line marks the separation of cc7 from host, and the horizontal vertical line marks the approximate
mass of a white dwarf. cc7’s position above the sensitivity curve indicates it is either on an inclined or
eccentric orbit, there is another object in the system and cc7 is not responsible for the observed acceleration.

indicates that either cc2 is on a highly-inclined and/or highly eccentric orbit, or there is another
unresolved object bound to 33 Sex contributing to the PMa and cc2 is actually a chance alignment
and not bound. Followup is warranted for this system to observe the orbit and search for closer-in

companions.

PupS-cc3

PupS-cc3 is a candidate companion signal ~950 mas (110 au) to the north east of TYC 1385-
562-1 in the white dwarf region of Figure 6.2. TYC 1385-562-1 is estimated to have a spectral
type of ~GO0 based on Gaia DR3 colors and Pecaut and Mamajek (2013) reference colors; its Gaia
DR3 RUWE is 0.83.

Our photometry rules out helium-dominated (DB) spectral types. As with PupS-1B, the 2
surface and best fitting models are shown in Figure C.5. The best fitting model occurred at
Teg = 10,000 K and log(g) = 8.5, but models from T = 6000 — 18,000 K and log(g) from 7.0 — 9.0

have 2 values within 1o of that best fit, so we report these values.
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PupS-cc4

PupS-cc4 is a candidate companion signal ~400 mas (80 au) south west of TYC 4865-655-1, an
estimated F8 star with RUWE = 0.83. Our photometry rules out helium-dominated (DB) spectral
types. Hydrogen-dominated (DA) B95 synthetic photometry is best fit by models shown in Figure
C.6, with the best fitting model occurring at T.g = 30,000 K, log(g) = 9.0, and models from (12,000,
8.25) — (18,000, 8.5) within 10. We conclude it has T.g = 12,000 — 30,000 K, log(g) = 8.25 - 9.0.

PupS-cc5

PupS-cc5 is a candidate companion signal ~550 mas (120 au) north east of TYC 1451-111-1, an
estimated F8 star with RUWE = 1.14. Our photometry rules out helium-dominated (DB) spectral
types. The x? surface and best fitting models are shown in Figure C.7. The best fitting model
occurred at (Teg, logg) = (12,000 K, 8.0), with models from (10,000 K, 7.4) to (22,000 K, 8.6) and
an additional island of probability at (35,000 K, 9.0) within 1¢. Thus we determine this companion
has Teg = 10,000 — 35,000 K and log(g) = 7.4 — 9.0.

PupS-cc6

PupS-cc6 is a candidate companion signal ~2” (120 au) southwest of TYC 288-976-1 (HD
108738), a GO star with RUWE = 1.58. It falls in the late-M dwarf section of the CMD in Figure
6.2. Figure C.8 shows the results of our Phoenix model fits. Our photometry does not constrain
metallicity or log(g) and constrains T.g < 3500 K, so we estimate it is a mid- to late M dwarf
(S M2).

Since cc6 is approximately a mid-M dwarf, it is not the source of the GALEX excess. There is
no PMa for this system as it was not observed in Hipparcos. The elevated RUWE suggests another
companion closer than the one we detected which could be the source of the UV excess. Followup
on this system is warranted to look for close-in white dwarfs, as it was not observed long enough

for ADI in this dataset.
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Figure 6.7: Color-magnitude diagram of the candidate companion signal to TYC 5518-135-1, PupS-cc7.
Since we do not have ' photometry we show it here in SDSS i’ — 2’ color vs SDSS i’ absolute magnitude.
cc7 clearly falls in the WD regime, however the exact position in the WD sequence is not well constrained
with only i’ and 2’ colors.

PupS-cc7

PupS-cc7 is a candidate signal ~210 mas (26 au) to the southeast of TYC 5518-135-1 (HD
104018), a G6-8 subgiant star with RUWE = 1.14. We performed a KLIP ADI reduction with 5,
10, and 20 modes in z and 7 band. The candidate signal was observed in KLIP reduced images 2’
and 7', shown in Figure 6.3, which did not scale with wavelength, as the other artifacts did, and
which displayed the self-subtraction lobes on either side that is typical of an ADI-reduced genuine
astrophysical signal. In order to estimate the candidate signal’s properties we performed a negative
signal injection described in Section 6.3.1 and estimated the separation, pa, and contrast in 2z’ and
. The signal’s nature is not well constrained with only 2’ and 7/, but we show its position in a
2'li’ color-magnitude diagram in Figure 6.7; it clearly falls in the WD sequence, although better
photometry is needed to establish its parameters. From our fits to B95 we determined that it is a
relatively cool DA WD with Tegconstrained to the range 5000 — 11,000 K and log(g) = 7.5-9.0.

Further photometry in bluer bands is necessary to refine the detection and companion properties.
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We computed contrast curves for this dataset to determine limits for additional companion sig-
nals, shown in Figure C.2 with a completeness map shown in Figure C.3 (See section 3.2.1 and
3.3 for descriptions). Our observations rule out additional hydrogen-dominated WD companions
beyond from ~20-1000 au.

TYC 5518-153-1 was observed with Hipparcos and thus has a PMa measurement, shown in
Figure 6.6 (bottom). The orange vertical line marks the separation of cc7, and the horizontal
vertical line marks the approximate mass of a white dwarf. Its location above the sensitivity curve
indicates cc7 is either not in a face-on orbit, another object is present in the system and cc7 is a

chance alignment.

PupS-cc8

PupS-cc8 is a candidate signal ~140 mas to the north of TYC 169-1942-1. We were unable to
determine a spectral type for this star. It is firmly in the giant region of Figure 6.1 (bottom) so
we cannot use Pecaut and Mamajek 2013 tables, and there is no literature spectral type available.
Determination of spectral type for this star is beyond the scope of this work. It is at 415 pc and has
an RUWE = 2.06.

We performed a KLIP ADI reduction with 5, 10, and 20 modes in z and ¢ band; we did not
obtain sufficient rotation for ADI in r. Figure 6.3 shows z and ¢ images reduced with 10 KLIP
modes. The candidate signal is marked with a red circle; it is a marginal detection, but did not
scale with wavelength and remained present with all KLIP modes. Another spurious signal which
does scale with wavelength is marked with a white circle; this is ruled out as a candidate signal.
We were unable to characterize the candidate signal using negative signal inject as with cc7 due to
the low S/N. Follow-up is necessary with more field rotation and filters to confirm the signal and
characterize it.

We computed contrast curves for this dataset to determine limits for additional companion sig-
nals, shown in Figure C.2 with a completeness map shown in Figure C.3 (See section 3.2.1 and
3.3 for descriptions). Our observations rule out additional hydrogen-dominated WD companions
beyond from ~100-1000 au.

TYC 169-1942-1 has a complete orbital solution in the Gaia DR3 Non-Single Star (NSS) cata-

log. We computed the predicted location in March 2024 for the two-body solution by converting
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the Thiele-Innes elements in the Gaia archive to Campbell elements using Halbwachs et al. (2023)
(Appendix A). The NSS solution predicted the 16 M}, companion would be at p = 0.43 mas
(p = 0.3 au) and pa= 216°, which does not correspond to our candidate signal in Section 6.3.1 and

is far too close for us to resolve in imaging.

6.3.2 Non-Detections
Contrast Curves

For each star without a detected companion, we computed contrast limits for our observation
following the method of Mawet et al. (2014) as described in Section 4.4 of Pearce et al. (2022).
To summarize briefly, we performed an injection-recovery analysis by injecting a synthetic signal
(made from the psf reference used in reduction) at a given separation (r = nA/D where n is an
integer) and position angle at a known contrast into each image in a dataset, then reducing the
dataset as before. We then measured the counts within an aperture of size 1\/D centered on the
injected signal, and the standard deviation of counts within N apertures in a ring of radius r, where
N = 27r, and computed the signal-to-noise ratio (S/N) following Eqn (9) of Mawet et al. (2014).
We repeated this for all NV apertures, then took the mean as the S/N for each r at an array of
contrasts, then interpolated to find the 1-, 2-, 3-, and 5o contrast limits. Images and contrast curves

for each non-detection are shown in Figures C.1 and C.2.

TYC 1262-1500-1

TYC 1262-1500-1 an early F star at 452 pc with RUWE = 1.37. We reduced the data using both
classical and KLIP ADI with 10 deg of field rotation and did not detect any candidate signals. Our
observations rule out DA WDs hotter than 20,000 K from ~300-1000 au. The elevated RUWE
hints at a large-luminosity-ratio companion at closer radii. Our imaging was not very deep for this

system and can be improved with longer ADI observations.

TYC 5480-589-1

TYC 5480-589-1 is a KOIII giant star at 630 pc with RUWE = 1.42. We reduced the data

using both KLIP and classical ADI and did not detect any candidate companion signals. White
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Table 6.3: Non-Detections
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TYC RA/DEC SpT* Gaia DR3 ID RUWE Distance’
HMS/DMS pc

1262-1500-1 04:02:13.84 Early F*  52921148211018368  1.37 45247
01:23:37.33

5480-589-1  10:02:54.89  KOIII'  3766625330057013248  1.42 632112
-00:44:54.20

5512-916-1  11:28:11.65  KO0*  3589837093105395712  3.03 415018
-00:40:57.41

6712-1511-1 13:22:33.44  F9*  6183075365029951488  1.09 1741752
-01:54:40.54

877-681-1  12:34:37.79  G5>  3904521719021034880  1.00 26042
00:45:12.22

1447-1616-1 12:18:00.46 Early F* 3953075946345237632  1.03 39242
01:24:59.29

368-1591-1 16:17:43.20 KOIII'  4408906185595207424  1.51 220.7 1%
00:06:05.32

(a)As reported in Simbad. Where not available, spectral type is estimated
from Pecaut and Mamajek 2013
and Gaia DR3 colors and marked with an asterisk. Spectral Type references: !Torres et al. 2006,

2Cannon and Pickering 1993
(b) From Bailer-Jones et al. 2021 catalog
(c) Units Ergs s~* cm~2 A~1; uncertainties in brackets
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circles in Figure C.1 mark speckles that scale with wavelength and are not candidate signals. Our
observations rule out DA WD companions hotter than 6000 Kfrom ~60-1000 au. The high RUWE
value hints to a large-luminosity-ratio companion being closer to the star than we were able to
obtain with our observations. Longer time-baseline ADI observations could push our sensitivity
at closer radii, however given the distance of this star, the typical resolution limit of 2\ /D would

only push in a little bit closer to ~30 au.

TYC 5512-916-1

TYC 5512-916-1 i1s a ~KO star at 415 pc with RUWE = 3.03. We reduced the data using both
KLIP and classsical ADI and did not detect any candidate companion signals. Our observations
rule out all modeled DA WD companions from ~30-1000 au. This star has one of the highest
RUWE values in our sample, suggesting that the large-luminosity-ratio companion is close to the
host star. Longer time-baseline ADI may improve contrast limits in close, but our observations are

already near a typical resolution limit so we are not likely to be able to get much closer.

TYC 6712-1511-1

TYC6712-1511-1 1s a ~F9 star at 174 pc with RUWE = 1.09. We were unable to attain sufficient
field rotation for ADI for this system. We reduced these data using classical reference differential
imaging (RDI) using TYC 5512-916-1 images as stellar psf reference, which was obtained earlier
the same night under the same conditions. For each filter, we created a PSF reference as the
median TYC 5512-916-1 image in the same filter and reduced the TYC 6712-1511-1 images from
there in the same manner as classical ADI. Obviously this was not optimal, as reflected in our
contrast limits in Figure C.2, and should be revisited with longer baseline ADI. We did not detect
any candidate companion signals. Nevertheless our observations rule out DA WDs hotter than
20,000 K from ~30-1000 au Our observations were not meaningfully able to rule out much of the
white dwarf parameter space as the noise floor for these observations is ~ 3 x 104, which is near

some of our WD detections.
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TYC 887-681-1

TYC 877-681-1 1s a G5 star at 260 pc and RUWE = 1.00. Seeing was variable during our
observations and were limited in high-quality images suitable for reduction, consequently we did
not achieve much sky rotation. We reduced these images using TYC 5518-135-1, observed on the
same night, as a reference for RDI. Our contrast curves in Figure C.2 achieve higher contrast than
for TYC 6712-1511-1, but not as high as our ADI-reduced datasets. Our observations rule out
WDs hotter than ~8000 K from ~30-1000 au.

TYC 1447-1616-1

TYC 1447-1616-1 is a ~F8 (Kharchenko, 2001) star at 400 pc with RUWE = 1.03. We were able
to get 17° of rotation during our observations and did not find any candidate signals in our KLIP

ADI reduced images. Our observations rule out WDs hotter than ~15,000 K from ~100-1000 au

TYC 368-1591-1

TYC 368-1591-1 is a KOIII (Houk and Swift, 1999) star at 220 pc with RUWE = 1.51. Observing
conditions were not ideal (seeing ~1.2, which affected the AO correction), so future imaging could
get to deeper contrasts. Our observations rule out WD’s hotter than 6000 K from ~60-1000 au.
It has a complete orbital solution in Gaia which predicts a 4.7 My, planet at 0.9 mas (0.2 au),
much to close for us to resolve in imaging. It was also observed in Hipparcos and has an observed
acceleration between Hipparcos and Gaia astrometry. Our imaging rules out objects that could be

causing the observed acceleration at ~M3.5V or earlier beyond 160 mas, shown in Figure 6.8.

6.3.3 Survey Completeness

To estimate our sensitivity to white dwarf companions, we computed the survey completeness
for each ADI and RDI-reduced system and total completeness for the entire survey. To estimate
completeness we simulated 100 white dwarf companions over a grid uniform in log(semi-major
axis) € [0,3] and the DA white dwarf model temperatures in the K10 models (T.¢ = 5000-20,000 K
spaced by 250 K, 20,000-30,000 K spaced by 1000K, 30,000-40,000 K spaced by 2000 K, and
40,000-80,000 K spaced by 10,000 K). For each MS star we computed an array of MS-WD con-
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Figure 6.8: Proper motion anomaly plot for TYC 368-1591-1. See text of Figure 6.6 for explanation. The
orange region marks where our imaging is sensitive. The inset axes shows the flux contrast corresponding to
those minimum masses (purple) and our imaging 3o contrast limit (red). The grey vertical lines mark where
they cross, the grey horizontal line marks the minimum mass at that limit. Our contrast curves rule out at
30 companions within the orange region outside of the grey line, which is objects >0.35 M (~M3.5V) at
>160 mas.

trast from the K10. We generated 5 x 10% simulated companions for each (sma,contrast) grid point,
randomly assigned orbital parameters from priors* then computed projected separation. A com-
panion was considered detectable if it fell above the 2— — o contrast curve and undetectable if
below the curve, inside the inner limit of the curve, or outside the detector. The completeness is
the fraction of simulated companions at each grid point that would have been detectable at at least
S/N = 2; 1.0 corresponds to every companion being detected, 0.0 corresponds to no companions
being detected at that point. Figure C.3 shows the completeness for each observed system sensitive
to close-in companions (ADI or RDI reduced systems), made by summing individual completeness
maps; the colormap and contours show the completeness fraction. Figure 6.9 shows the combined
completeness map for the entire survey. We are nearly complete to WD companions hotter than
20,000 K between 100-1000 au in our imaged systems, and have some fractional completeness
down to ~50 au. These limits can be improved by longer ADI field rotation times and the use of

an coronagraph.

“4eccentricity (e): P(e) = 2.1 - 2.2xe, e € [0,0.95], following Nielsen et al. 2019; inclination (i): cos(i) € Unif[-
1,1]; argument of periastron (w): w € Unif[0,27]; mean anomaly (M): M € Unif[0,27]; since contrast curves are
one-dimensional we did not simulate longitude of nodes
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Figure 6.9: Map of completeness to hydrogen-dominated white dwarf companions in our survey.

6.4 Discussion

6.4.1 Our Survey Compared to Previous Surveys

In the preliminary Pup Search observations we detected four candidate and one confirmed new
Sirius-Like Systems, along with 1 subdwarf companion, 1 MS companion, and one candidate
signal of undetermined character. Figure 6.10 shows our new SLS with separation in arcseconds
and au compared to other WDMS surveys: Zuckerman (2014) (red), HI3 (blue), and Noor et al.
(2024) (magenta), which all looked at non-interacting WDMS as discussed in Section 6.1, as well
as Yamaguchi et al. (2024), which examined the orbits of PCBE and/or mass transfer WDMS
with spectroscopic orbital solutions in Gaia DR3 in a period regime predicted to be empty. The
approximate detection region for MagAO-X is marked with dashed grey lines and indicate the
regime we are sensitive to (from 2\/D at 0.8um to 3”) Approximately 30% of H13 and 6% of
Noor et al. (2024) objects fall within that regime.

We have overlaid contours adapting Figure 10 (right) from Willems and Kolb (2004, hereafter
WO04) to this parameter space. That figure gives a distribution of orbital periods for all types of

WDMS systems at the start of the WD phase. The distribution is bimodal — as the progenitor
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Figure 6.10: Pup Search confirmed and candidate companions in this work plotted (orange stars and dia-
mond) against known SLS from Zuckerman 2014 (red), Holberg et al. 2013 (and references there-in; blue),
WDMS systems in Gaia DR3 from Noor et al. 2024 (purple), wide post-common envelope binaries in Gaia
from Yamaguchi et al. 2024 (magenta), and two SLS detected via astrometric acceleration and AO imaging
in Bowler et al. 2021 (yellow), plotted with separation in arcseconds on the x-axis and physical separation
in au on the y-axis. The orange diamond marks the location of PupS-cc8, which is not confirmed to be a
white dwarf companion. We illustrate the approximate limits of MagAO-X search space between 48 mas (2
A/D ini’) and 3” (half the detector FOV) by grey dashed lines. The contours give an adaptation of Willems
and Kolb 2004 Figure 10 (right) to our parameter space. See text for details.
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evolves from the GB into the WD phase, the orbit either contracts into a common-envelope phase
(W04 channels 1-6) or expands as the progenitor loses mass (W04 channel 7, non-interacting
systems). To create the contours we drew a Monte Carlo sample of orbital periods from the dis-
tribution in W04 Fig. 10 (right), drew WD and MS masses from the distributions in W04 Fig.
10 (left, center respectively) and drew distances from a uniform distribution spanning distances in
the H13 sample. We drew orbital inclination from a uniform cos ¢ distribution and then computed
projected separation in au and arcseconds. Our WD detections in this work are plotted in orange.

In Figure 6.11 we reproduce Figure 1 from El-Badry (2024) showing the regime of sensitivity
of various Gaia multiplicity metrics (for a pair of solar mass stars); we have added the purple box
indicating where our new candidate companions fall on this plot. They all fall beyond regions
probed by RUWE, and some fall in the spatially resolved section, yet none of them have been
spatially resolved in Gaia. Most have RUWE values smaller than the typical multiplicity indicator
of RUWE 2 1.4. In addition to tight companions like cc7 and cc8, our survey probes companions
too faint to be resolved yet too wide to affect multiplicity metrics, a regime Gaia is not currently
sensitive to.

Our survey is poised to fill more objects within a sparsely populated regime near the inner
edge of the non-interacting WDMS regime generally inaccessible to other methods. Detection and
orbital characterization of this population will constrain occurrence rates and simulations of the
effect of the companion on planetesimals around the WD. For example, if a large fraction of SLS
in the 10-100 au regime prove to be on highly-eccentric orbits with larger semi-major axes, we
could infer that objects in this group may be undergoing eccentricity evolution into a high-e state
as predicted by Stegmann et al. (2024). Simulations of planetstimal perturbation in these states
are warranted (e.g. Stephan et al., 2017). If all are on nearly-circular orbits, then perturbation by
external perturbers with subsequent eccentricity evolution is less likely (Stegmann et al., 2024)
and pollution is less likely to be influenced by the companion. Previous surveys of more widely
separated pairs (those in Figure 6.10) concluded no evidence for companion influence in pollution;

this survey provides a different SLS population for which to test this mechanism.
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Figure 6.11: Reproduction of Figure 1 from El-Badry (2024) showing the sensitivity regimes of various
multiplicity metrics for a two-solar mass binary. We have added the purple rectangle to indicate the regime
of the new candidate companions in our survey. They fall outside the regime for which RUWE and PMa
are most sensitive, and are too faint to be resolved in Gaia, illustrating that these metrics are useful but
incomplete for assessing WD multiplicity.

6.4.2 Towards Probes of Companion Influence on Pollution Through Orbit Studies

While the previous studies discussed above have looked at the influence of binarity on WD
pollution from a statistical perspective, none to date have examined the orbits of polluted vs non-
polluted non-interacting Sirius-Like-Systems observationally. Wide (100’s — 1000’s au) stellar
binary orbits evolve on Gyr timescales due to the influence of the Galactic gravitational potential
and stellar flybys into (depending on initial conditions) oscillating high and low eccentricity states
(Kaib et al., 2013; Bonsor and Veras, 2015; Correa-Otto and Gil-Hutton, 2017; Stephan et al.,
2017) with close periastron passages (Heisler and Tremaine, 1986; Collins and Sari, 2008; Modak
and Hamilton, 2023) even reaching eccentricities as high as 0.99 (Stegmann et al., 2024). Binaries
with semi-major axis from 1000 — 10,000 au are most susceptible to high-e oscillations without
disruption on timescales less than a Hubble time (Stegmann et al., 2024). WDMS systems are
especially vulnerable as the WD progenitor looses mass and the orbit expands, and planetesimals
can be scattered onto star-grazing orbits, especially if a planet is present (Bonsor et al., 2011;
Debes et al., 2012). During high-e periastron passages, planetesimals will be perturbed if the
binary passes interior to ~500 au (Bonsor and Veras, 2015). Approximately 20% of wide binaries
are estimated to have orbital parameters in this range to drive WD pollution (Bonsor and Veras,

2015). The binary pollution mechanism may still play a role in pollution for individual systems.
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Orbital studies of polluted and non-polluted SLS systems are warranted. Many separations in
this and previous SLS surveys are in the range of susceptibility to eccentricity perturbation without
disruption; a high-e binary pollution mechanism may still be at play for this population, detectable
via an observable trend in eccentricity for polluted SLS systems compared to non-polluted.

A long term goal of the Pup Search is to obtain time series astrometry of new and known polluted
and non-polluted SLS systems resolvable to direct imaging. This will require a long-term effort
since short-orbit-arc fitting (<50% of the orbital period) artificially inflates the prevalence of high-
eccentricity orbits in the posterior, which is the main parameter of interest for this science case
(Ferrer-Chavez et al., 2021). Long astrometric time baseline and precision radial velocities of
both components will be important. Additionally future Gaia data releases containing time series
astrometric data, more sources with spectra and radial velocities, and even some SLS in the 100-
1000 au separation range with determined orbits will contribute to these studies (while methods
currently exist to use Gaia data for wide binary orbit fitting [e.g. Pearce et al. 2020], these data
are too loosely constraining and will exhibit biased eccentricity results). Proper motion anomaly
can also help constrain SLS orbits where available. Zhang et al. (2023) determined dynamical
masses and orbital parameters of six confirmed and one candidate SLS using PMa, however the
majority of our target list does not have a Hipparcos — Gaia proper motion measurement, so careful

observation and analysis will be required to constrain orbital parameters.

6.4.3 Revisiting the Missing White Dwarf Problem

Holberg et al. (2016) predicted that as many as 100 white dwarfs were “missing” from the 25 pc
local volume. Since the sea-change provided by Gaia, the local population of single WDs with G <
20 mag and WDs in multiples in a 100 pc volume is essentially complete (Gentile Fusillo et al.,
2021; Rebassa-Mansergas et al., 2021; Jiménez-Esteban et al., 2023), with > 97% completeness
inside 40 pc (O’Brien et al., 2024). Jiménez-Esteban et al. (2023) determined that white dwarfs
resolved in Gaia are 100% complete for Ggp — Grp < 0 mag, >90% for Ggp — Grp < 0.86 mag,
and decreasing to ~70% at the reddest end. WDs are missing from Gaia due to 1) confusion with
the Galactic plane (~ 1%), 2) double degenerate systems counted as single WDs (~ 1 — 3%),
and 3) Unresolved WD+AFGK systems (< 8%, Holberg et al. 2013). In actuality all but four’ of

SHD 27786/56 Per Ab, HD 149499/HD 149499 B, HD 202109/¢ Cyg B, BD -7 5906/HD 217411 B
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the Holberg et al. (2013) systems closer than 100 pc are resolved in Gaia, so the actual missing
percentage in the Jiménez-Esteban et al. (2023) catalog is much lower. All of the Zuckerman
(2014) systems are resolved in Gaia and so are contained in the Jiménez-Esteban et al. (2023)
population. Rebassa-Mansergas et al. (2021) used Gaia colors to identify sources falling between
the WD and main sequences to identify unresolved WD+MS systems. This method identifies
mainly WD companions to M and K stars where the WD dominates the SED; they estimate from
population synthesis that their sample represents 9% of the underlying WD+MS population, with
the other 91% being located within the main sequence as the MS star dominates the SED. Nayak
et al. (2024) identified 93 WD+MS candidates within 100 pc using Gaia DR3 and GALEX GR6/7
UV measurements, 80 of which are newly identified. They were identified using SED fitting and
so remain unresolved.

Katz et al. (2014) Figure 1 displays a histogram of number of WDs within 20 pc in bins of
absolute V' magnitude for single WDs, WD+MS systems from Holberg et al. (2008), and the
number predicted from theory. The single WD population matches well the prediction, but the
WD+MS population falls below the prediction, implying WD companions are being missed. With
the new Gaia data we can revisit that plot.

Figure 6.12 shows the number of WDs in the 100 pc volume as a function of absolute V' mag.
The dashed blue line shows the number of WDs in bins of absolute V' magnitude predicted by
theory. We used Katz et al. (2014) Eqns 1 and 2 to produce that line:

N = hWD [tcool(MV,Z) - tcool(MV,l)} (63)

10210 (teool/yr) = —0.04MZ + 1.46 My — 3.22 (6.4)

where nwp is the WD formation rate with nwp = 0.7 x 10712 pc™3 yr™1, t.001( My/) is the cooling
age for a WD with absolute V' mag My, . The purple line is the 100 pc Gaia sample from Jiménez-
Esteban et al. 2023, the magenta line is the 100 pc WD+MS sample from Rebassa-Mansergas et al.
2021, corrected to 100% completeness of the underlying WD+MS population, the orange line is
the new WD+MS from Nayak et al. 2024, and the black line is the sum. The sum follows the
prediction closely except at the faintest end where WD detection is challenging for the coolest and

faintest WDs.
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Figure 6.12: Number of WDs expected and observed within 100 pc local volume. The dashed blue line
is the number of WDs predicted by theory (see text for details), the purple line is the 100 pc Gaia sample
from Jiménez-Esteban et al. 2023, the magenta line is the 100 pc WD+MS sample from Rebassa-Mansergas
et al. 2021, corrected for their 80% completeness of their sample and the 9% completeness of their sample
from the underlying WD+MS population, the orange line is the new WD+MS from Nayak et al. 2024, and
the black line is the sum. We did not include WD+MS surveys for which the objects are resolved in Gaia,
since they would be captured in the Jiménez-Esteban et al. (2023) catalog. The dotted grey line shows the
approximate detection limit for Gaia for a WD at 100 pc, assuming a detection limit of G = 20 mag; the
dashed grey line shows the approximate detection limit for the Pup Search for a WD companion to a GO star
at 100 pc, assuming a noise floor of 5x 107>, the best case in our initial survey results.
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Only five of the current batch of Pup Search targets are within ~100 pc, so our discovery survey
is not poised to make much of a dent in that particular parameter space; our 84 initial targets
extend to almost 700 pc. Assuming a detection limit contrast of 5107 to a GO star and the
same detection rate as in this paper (7/14, including the subdwarf Pups-cc2), we estimate this
set of targets will return 38+5 new SLS. As part of this work we will continue to compile SLS

discoveries, which our results will add to, in our efforts to examine the population as a whole.

6.5 Conclusion

We have introduced the EXAO Pup Search, a survey using the tools of extreme AO instrumen-
tation to probe the influence of non-interacting wide stellar companions to white dwarf stars. We
have conducted the first Pup Search observations of 14 target stars and have detected one new
confirmed Sirius-Like System, PupS-1B, a DA white dwarf ~100 au (900 mas) from the Sun-like
star TYC 4831-473-1. We detected four additional candidate SLS: confirmed white dwarf objects
close to AFGK stars which we will be following up with additional observations to confirm they
are bound companions. We detected one subdwarf candidate companion ~500 mas from the GOIV
star 33 Sex, and one main sequence companion to HD 108738, and one low-S/N candidate signal
~140 mas from TYC 169-1942-1. Several of our targets without detections had low contrast lim-
its due to observational challenges and merit followup with more field rotation for adequate ADI
reduction. Our target list is drawn from a high-quality sample of stars with UV excess and radial
velocity trends, so non-detections are likely due to the companion being too close to the star to
resolve rather than there not being a companion at all.

The goal of the Pup Search is to contribute to the discussion of the influence of wide companions
in driving white dwarf pollution by probing regimes inaccessible to previous surveys, and to to
probe orbital parameters of polluted and non-polluted systems. Future work will continue to use

the tools of EXAO, precision radial velocity, and high resolution spectroscopy towards this goal.



Chapter 7

Ongoing Project: Reflected Light Exoplanet Observations with MagAO-X and GMagAO-X

“Do you ever wonder if — well, if there are people
living on the third planet?”

“The third planet is incapable of supporting life,”
stated the husband patiently. “Our scientists have said

there’s far too much oxygen in their atmosphere.”

Ray Bradbury
The Martian Chronicles (1950)
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7.1 Introduction

7.1.1 Observing Exoplanets in Reflected Light

In Chapter 1 I showed that direct imaging (DI) planet surveys to date, which detected young
giant planets through their thermal emission in Near- to Mid-IR, have had exceedingly low survey
yields, and that this detection method is limited to young giant planets on wide orbits from their
stars. Yet other detection methods have found numerous smaller planets closer to their stars than
DI surveys have achieved to date, necessitating different observing strategies to probe older and
more diverse planetary systems. Some researchers are moving to longer wavelengths to detect
colder planets in thermal emission. The MagAO-X instrument (Males et al., 2022) is designed to
push technology in visible wavelengths to detecting planets in the light their reflect from their host
star.

This is still however technologically very challenging. In Chapter 1 I showed that the con-
trasts involved in reflected light imaging are extremely high (01075-1071°) and that reflected light
planets are brighter at closer separations, requiring controlling speckles and digging dark holes at
~ 2\/ D, neither of which has been done before.

Figure 7.1 shows ~400 of the nearest known exoplanets detected via radial velocity with pro-
jected separation in \/D for a 6.5m telescope at 800 nm on the x-axis, and Lambertian contrast
ratio for a uniform reflecting sphere (no atmospheric features) on the y-axis. Contrast was com-

puted as:

Rp>2 {sinoz—i—(w—a)cosoz 7.1

Cla, \) = A,(\) <—

r ™

where C(a, ) is planet-star contrast at wavelength A as a function of viewing phase «, A,(\)
is geometric albedo (which we set to constant 0.3 for this illustration), R, is planet radius, 7 is
planet-star separation in the orbit plane (’true” separation). And viewing phase « as a function of

orbital elements is given by:

o = cos™ ! [sin(i) sin(0 + w,)] (7.2)
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Figure 7.1: 100s of the nearest known radial velocity detected exoplanets in separation (in A\ /D for a 6.5 m
mirror at 800 nm) vs Lambertian contrast. The dashed grey line marks a typical resolution limit of 2)\/D.
Proxima Centauri b and GJ 876 b/c are marked with red circles. An interactive version of this plot with
details for each planet is available here: http://www.loganpearcescience.com/reflected-light-calculations.
html

where w,, is argument of periastron, ¢ is inclination, with ¢ = 90° being edge on and ¢ = 0° and

1 = 180° being face on, 6 is the true anomaly with

I+e
\/ ] _etan(E/Q)

where, e is the eccentricity, F is the eccentricity anomaly, and

0 =2tan""

(7.3)

M =F —esinFk (7.4)


http://www.loganpearcescience.com/reflected-light-calculations.html
http://www.loganpearcescience.com/reflected-light-calculations.html
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and

At
M =2r— .
i (7.5)

where M is the mean anomaly, At is the time since periastron passage], P is the orbital period,
(Sobolev, 1975; Cahoy et al., 2010, 2017). For planets without a known orbital inclination we used
1 = 60° (the average inclination for a uniform half-sphere); for planets without a known mass we
used M sin(i) (the minimum mass, determined from radial velocity measurements). For planets

without a known radius we used an empirical Mass/Radius relation, shown in Figure 7.2.

1.0
@ 20
5]
10 E}U‘S | 1
— [a W g
i O\OO 6
7 £0.4 -
1 |3
S i 0.2 ‘
< 0.1 1
';' 7 Fract. Radius Error
2 "/
=
<
faed
-
)
g
A Exoplanets T, < 1000 K —e—
| Solar System  a
Fortney et al. (2007) -----
Thorngren et al. (2019) = = = =
Otegi et al. (2020) — -
ad-hoc M-2-R  e—
[ —
1 — s 88 5 g8 8 3 8 8 &
o o o o o o o o o o
7 . Planet T,, [K] <
0.01 0.1 1 10 100 1000

Planet Mass [M /Mg

Figure 7.2: Empirical mass-radius relation for planets derived from references given and compiled at https:
/ljaredmales.github.io/mxlib-doc/

From Figure 7.1 we see that for a 6.5 m telescope in visible wavelengths, most of the planets are
contrast 1076~1071, and are closer than a typical diffraction-limited resolution of 2\/D. The two
brightest planets in Figure 7.1 (marked with a red circle) are GJ 876 b and c; the nearest known

and likely terrestrial planet, Proxima Centauri b is also marked with a red circle at 1.7\/D and

contrast 7.5x 1078,


https://jaredmales.github.io/mxlib-doc/
https://jaredmales.github.io/mxlib-doc/
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The Extreme Wavefront Control Lab at the University of Arizona is developing the extreme AO
coronagraphic instrument for Giant Magellan Telescope (GMT) called GMagAO-X, expected to
be ready by first light. Compared to the 6.5 m mirror of the Magellan Clay Telescope, the GMT
will have a 24.5 m primary, increasing the collecting area by a factor of ~14. In addition to having
a larger photon collecting bucket, this drops the diffraction-limited resolution limit at 800 nm from
25 mas to 7 mas, allowing the resolution of companions at much closer separations than capable by
current telescopes. When we look at Figure 7.1 for GMagAO-X, now Proxima Centauri b and the
GJ 876 planets fall at a much easier ~5 A/D. GMagAO-X will be able to image tens to hundreds

of exoplanets in reflected light.

7.1.2 Breaking the Phase-Radius Degeneracy

As discussed briefly in Chapter 1, the planet’s viewing phase is a major obstacle in reflected
light imaging. Planets are brightest at full phase, yet that occurs only for nearly-edge-on orbits
at superior conjunction, when the planet is directly behind the star and totally inaccessible to
imaging. For closer to face-on orbits the phase is nearly constant at quadrature. Additionally,
there is a phase-radius degeneracy — small planets at full phase can have the same contrast as large
planets at high phase, as illustrated in Figure 7.3. To understand our observations we need to
know phase either or radius to break this degeneracy. The planets in Figure 7.1 are all detected
via radial velocity, which gives an estimate of the minimum mass of the planet, but not the radius.
Some have full mass and radius estimates, enabling breaking the degeneracy. Without a radius
estimate, we can use the mass-radius relation in Figure 7.2 to estimate radius. If we have well-
constrained orbital elements we can predict the phase at any point in the orbit using the equations

in the previous section.

7.1.3  Preparing for Reflected Light Observations

The planets in Figure 7.1 represent the target list for upcoming MagAO-X and GMagAO-X
reflected light surveys. To maximize survey yield, information content, atmospheric characteriza-
tion, and to prioritize targets and observation timing, careful modeling and simulation work must

be carried out prior to trying to perform these challenging observations.
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Decreasing planet phase
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Figure 7.3: Nayak et al. (2017) Figure 1 illustrating the phase-radius degeneracy for reflected light planets.
Small radius planets at full phase will appear at the same brightness as large radius planets at larger phase
angles, necessitating additional information (estimates of planet radius or phase) to distinguish these cases
for a flux measurement.

7.2 Methods

7.2.1 Modeling Reflected Light Observations

To prepare for reflected light observations with MagAO-X and GMagAO-X, I am conduct-
ing extensive open-source modeling work called the REFLECTX Model Suite (https://reflectx.
readthedocs.io/). REFLECTX is built on the exoplanet atmosphere radiative transfer code PICASO
(Batalha et al., 2019) and cloud code VIRGA (https://natashabatalha.github.io/virga/).

PICASO is a python-based open-source planetary intensity code for atmospheric scattering
built on codes developed in McKay et al. (1989), Marley et al. (1999), and Cahoy et al. (2010).
Figure 7.4 illustrates PICASQO’s approach to solving the radiative transfer equation through a 1-D
plane-parallel approximation:

1 [

I(7iy 1) = I(Tig1, u)eh/“ — ; i S(t', u)eT/“dT’ (7.6)
(Eqn 2.98 of Goody and Yung, 1989) where I (7;, 1) is the azimuthally average intensity exiting the
top of the atmospheric layer ¢, at angle p relative to layer normal and with opacity 7 in the layer.
I(7i41, p1)e’7/# is the intensity from layer i + 1 incident on the bottom of layer i (layer values
decrease from planet surface to top of atmosphere) which is attenuated by the opacity in layer ¢
described by the term e?7i/#. S(7/, 11) is the source function. PICASO treats the source function
via two components: single scattered radiation and multiple scattered radiation. Reproducing Eqn

2 of Batalha et al. (2019) for the source function:


https://reflectx.readthedocs.io/
https://reflectx.readthedocs.io/
https://natashabatalha.github.io/virga/
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where the first term describes single scattered (orange, Figure 7.4) with phase function Piingle (42, —f10)
and the second term describe multiple scattered radiation integrated over all angles with phase

function Pi(p, ¢'); w is the single scattering albedo, and Fy is the incident stellar radiation.
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Figure 7.4: Figure 3 of Batalha et al. (2019) illustrating how PICASO solves 1D radiative transfer for
exoplanet atmospheres. The observer sees emitted radiation IO+ as a function of angle relative to surface
normal (u). The stellar radiation Fy is incident at angle p at the top atmosphere layer T. The atmosphere
is modeled as a series of plane-parallel layers T;. Incident radiation is attenuated by optical depth in the
layer 0'T;.

Surface

Single scattering component Pgpg10: For the single scattering component, PICASO starts with
a basis in the Henyey-Greenstein phase function:

1—92

7.
1+ g2 —2gcos©)3/2 (78)

Porng = (

where OTHG refers to the One-Term Henyey-Greenstein phase function, O is the angle between
the incident and scattered directions, with « = m — ©, and g is the asymmetry parameter which
describes the fraction of photons scattered in the forward vs backward direction. Asymmetry
parameter 0 < g < 1 is predominantly forward scattered (photons continue in their original di-

rection), —1 < g < 0 is predominantly back scattered (photons reverse direction), and g = 0 is
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isotropically scattered. However this formulation fails to capture the back scattering peak observed
in solar system planets, so PICASO builds on this with the Two-Term Henyey-Greenstein phase

function:

Prrug = fPornc(gy) + (1 = f)Pornc(gs) (7.9)

that captures both forward (¢gy) and backward (g,) scattering and the fraction of forward/back-
ward scattering f (a user-tunable parameter). Finally, PICASO also captures the contribution of

Rayleigh scattering in the single scattering phase function through:

7—C ra
N Prrpg + =2 Py (7.10)

P TTHG ray —
Tscat Tscat

where P, = %(1 +cos? ©), Tqq is cloud opacity, Tray 18 Rayleigh scattering contribution, and Tycat
is total scattering.

Multiple scattering component Pp,;: For the multiple scattering component, PICASO imple-
ments the methodology of Toon et al. (1989) (1989). The source function must be integrated over
all angles p, so the phase function is approximated as a series of Legendre polynomials. Repro-

ducing Batalha et al. (2019) Eqn 9:

Prii(cos ©) Z B1P,(cos ©) (7.11)
1=0

where P)(cos ©) are the Legendre polynomials and §; are moments of the phase function: 3, =
(20 + 1)g;. Simplifying: Pyui(cos©) = 1+ 3guy/, where g is the cloud asymmetry factor and
cos © = pyu' under the assumption of azimuthal independence. The second-order Legendre depen-
dence on cos? O captures Rayleigh scattering (Snook, 1999) and so the 2-term option is default in
PICASO. PICASO also makes use of the -Eddington approximation (Joseph et al., 1976) and
Raman scattering shifts to improve on the accuracy, but I will not go into depth with those here.
Further improvement in accuracy was recently demonstrated using a four-term spherical harmonic

solution in Rooney et al. (2023), which achieved enhancement of accuracy without increase in
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computational time, and found that it better captured the back scattering peak of multiple scatted
photons than did previous PICASO methodology.!

All of this means that the solution of the radiative transfer equation, i.e., the intensity of radiation
emitted from the top of the atmosphere, is controled in PICASO by the single scattering albedo
w, the asymmetry parameter g, and cloud and Rayleigh opacities 7. The value of these parameters
are determined in different ways for gas giant and terrestrial planets and will be discussed in the
following sections.

While the phase functions described above don’t fully capture the full scattering physics ex-
pected in planetary atmospheres, they have been used to reproduce Solar System spectra at an
accuracy sufficient for our purposes with these models (e.g., Jupiter and Saturn, Dyudina et al.
2016; Lupu et al. 2016; Earth, Feng et al. 2018). Feng et al. (2018) specifically designed a cloud
model (using the same underlying framework designed above based on Cahoy et al. 2010) to suffi-
ciently recreate a realistic Earth-like spectrum at sufficient accuracy for parameter retrieval studies
at different spectral resolutions, while being minimally parametric. Ultimately, Lupu et al. (2016)
showed that the retrieval of properties from scattered-light observations are insensitive to the de-
tails of particular phase functions and can’t constrain phase function parameters, so we expect this
model framework to be accurate to a sufficient level for our purposes (e.g., scattered light retrievals,

determining minimum S/N and instrument resolving powers).
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Figure 7.5: Points at which PICASO computes intensities for different phase angles — full phase, 60°,
and 90°. Each example uses 10 vertical Chebyshev angles and 10 horizontal Gauss angles, following the
formality of Horak and Little (1965). The number of angles for each is user-specified, with more angles
requiring longer computation times. PICASO automatically takes advantage of symmetry where possible
to speed up calculation times.

'For a detailed derivation of all of the above, plus illustrations of how the different formulations impact the results,
see https://natashabatalha.github.io/picaso_dev


https://natashabatalha.github.io/picaso_dev
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Incorporating viewing phase: An advantage in PICASO is the ability to compute intensity
over several facets across the surface of a planetary disk independently, and so account for phase
angle dependence. Figure 7.5 shows the points at which intensities are calculated for a PICASO
reflected light spectrum for o = 0°, 60°, and 90°, with calculation points determined using the
method of Horak and Little (1965). For each case we have used 10 Chebyshev angles (vertical)
and 10 Gauss angles (horizontal); the colormap corresponds to the intensity of reflected radiation.

Clouds: PICASO interfaces with the cloud modeling code VIRGA?. VIRGA incorporates
particle and gas physics to generate models for how clouds contribute to a reflected light spec-
trum. VIRGA uses molecular condensation curves coupled with a pressure-temperature profile to
determine which species condense and at what altitude.

Cloud properties are parameterized mainly through two parameters:

* fiea 1S the sedimentation efficiency which controls the vertical extent of clouds (Ackerman

and Marley, 2001; Gao et al., 2018)

* K, is the eddy diffusion coefficient and controls the strength of vertical mixing (Mukherjee

et al., 2022)

The cloud sedimentation model of Ackerman and Marley (2001) Eqn 4 states:

0

zz o fsedW*QC =0 (712)
0z

where ¢, is the molar mixing ratio of condensed material, ¢; is the total molar mixing ratio (con-
densed and vapor phases), w, is the convective velocity scale, and z is the altitude. This equation
means that the upward mixing of condensates and vapor is balanced by downward sedimenta-
tion of particles. Smaller values of f..q (fsea < 1) gives lower sedimentation efficiency and
so thicker, more vertically extended clouds with small particles; f..q > 1 gives larger particles
and thinner compressed clouds. Higher K., gives stronger vertical mixing producing more verti-
cally extended clouds. So for our cloud models, the cloud properties are set mainly by the model
pressure-temperature (PT) profile (which controls what condenses and where), f..q, and K ,,. Ad-
ditional tunable cloud parameters are the gas mean molecular weight (mmw) and the mass mixing

ratio (mmr) which can adjusted for specific condensates.

Zhttps://natashabatalha.github.io/virga/index.html


https://natashabatalha.github.io/virga/index.html
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Figure 7.6: The effect of varying fs.q (top) and K. (bottom) on Earth-like atmosphere spectrum with water
clouds. For each of the two pairs of plots, the named parameter is varied and the remaining parameters are
kept constant. The left-hand plots show the resulting albedo spectrum compared to an Earth-like model
in Feng et al. (2018) (black) and a cloud-free model (black dashed); the right-hand plots show the cloud
vertical extent (y-axis) and optical depth (x-axis).

Figure 7.6 shows the effect of varying cloud parameters on cloud extent and albedo spectrum
for an Earth-like atmosphere with water clouds. Low values of fs.q (upper plots) produce high-
altitude thick clouds with a highly-reflective albedo, while high values produce thin less-reflective
clouds. Low strength of vertical mixing /., (lower plots) produces thicker more opaque and more
reflective clouds.

Putting it together into a model suite: In the REFLECTX model suite we use different method-

ologies for modeling terrestrial and gas giant planets in PICASO, which will be discussed in detail
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below using our Proxima Centauri b models as a prototypical terrestrial planet and GJ 876 b/c as

prototypical gas giant planets.

7.2.2 Modeling Gas Giant Planets: GJ 876 b/c

GJ 876 b and c are the two large bright planets near 2\ /D in Figure 7.1, making them ideal first
targets for reflected light imaging. They are in a 4 planet system with planets d and e interior to c,
with ¢, b, and e and in a 1:2:4 Laplace mean motion resonance chain (Rivera et al., 2010). Their
large masses, well-characterized orbits (Correia et al., 2010; Trifonov et al., 2018) and 3-planet
resonant chain, and proximity to Earth have made them a boon for dynamical studies (e.g Batygin
et al., 2015; Nelson et al., 2016) and tests of formation and evolution (e.g. Batygin et al., 2015,
and numerous references therein). The system is dynamically stable for at least 100 Myr despite
the large eccentricity for planet ¢ (Correia et al., 2010; Trifonov et al., 2018). Inclination for b and
¢ have somewhat differing solutions, we adopt the value of ¢ = 59° of Rivera et al. (2010) and
Trifonov et al. (2018) for both.

For gas giant planets, PICASO takes in star and planet properties and iteratively solves for the
pressure-temperature (PT) profile, which describes how the temperature varies with pressure, an
analog for altitude above the surface. In addition to the star and planet properties listed in Table 7.1,
the PICASO climate calculation also takes a guess of the planet’s T.g (set by star-planet separa-
tion), a C/O ratio, an initial guess of the radiative/convective boundary layer, and an initial guess at
the PT profile. For a detailed description and diagram of the PICASO climate solver see Mukher-
jee et al. (2023) Figure 1. For the REFLECTX gas giant models, we used the default PICASO
suggestions for initial PT profile guess, which is based on the analytic approximation of Guillot
(2010). For effective temperature, we approximate as the planet’s equilibrium temperature, where
Toy = Tero/Ro/p [f'(1 — Ab)]l/ % where p is star-planet separation, f’ is a function describing
heat distribution which approximates to 1/4, A, is the Bond albedo which we approximate to 0.3.
For the atmosphere setup we use the recommended configuration which is 91 atmospheric layers
with bottom layer at 100 bars and top layer at 1 x10~% bars. We set one convection zone from layer
85-83, with ry;; = 0.5, which sets the contribution of stellar radiation to net flux (see Mukherjee
et al., 2023, Eqn 20). The C/O ratio is the final input parameter, which affects molecular mixing

ratios. C/O is the most significant parameter controlling concentrations of C and O bearing species,
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Table 7.1: GJ 876 Star and Planet Parameters

Parameter  Value Ref
GJ 876
Te 3300 K 1
Radius 0.37Rg 1
SpT M2.5V 2
Log(Lum) -1.1944+0.007 L, 3
Log(g) 4.9 cms—2 1
Metallicity 0.21 dex 1
Distance 4.6709+0.0008 pc 6
GJ 876 b
sma 0.21777500.5 au 1
period 61.034747000080 d 1
ecc 0.002019-5019 1
incl 59° 4
M, 2.2756£0.0045 My, 5
Teq 190 K This Work
GJ 876 ¢

sma 0.1363705015 au 1
period 30.2290210 00022 d 1
ecc 0.25591+£0.00093 5
incl 599 5
M, 0.7142£0.0039 My, 5

(1) Rosenthal et al. 2021, (2) Turnbull 2015,

(3) von Braun et al. 2014, (4) Trifonov et al. 2018,
(5) Rivera et al. 2010, (6) Bailer-Jones et al. 2018
*Rosenthal et al. (2021) enforce coplanarity with
GJ 876 b to derive parameters for GJ 876 ¢
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especially for temperatures 2 1200 K (Madhusudhan, 2012). With these input the model then it-
eratively computes chemistry, opacities, upwelling and downwelling, adjusting number, location,
and extent of convective zones until radiative/convective equilibrium is achieved, producing a final
PT profile and chemical makeup.

Once the chemistry and PT profile has been computed, we then produce cloudy and cloud-
free albedo and contrast spectra. We produced cloud models for K., = [1 x 10°,1 x 10],

fsea = [0.03,0.3, 1, 3, 6], and C/O ratio = [0.5,1.0,1.5], .

GJ 876D

GJ 876 b is on a nearly-circular orbit. We computed models for constant star-planet separation
and 25 phase angles spanning the range of angles allowed by the orbital inclination, shown in Fig-
ure 7.7 as black x’s. 1- and 2\ /D for MagAO-X and GMagAO-X are marked with grey solid and
dashed lines. GJ 876 b is within 2A/D for MagAO-X for its entire orbit, making it a challenging
observation; however it is entirely outside 2\ /D for GMagAO-X. The optimal time to observe it

will be at quadrature, which corresponds to maximum orbital plane-of-sky elongation.
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Figure 7.7: Phase angle sampling as a function of orbit for GJ 876 b modeling. We produced models for all
points marked with a black x. Black circle marks inferior conjunction (brightest phase) and black diamond
marks superior conjunction (faintest phase). The solid grey lines mark 1\/D for MagAO-X (D =6.5m, A =
800 nm) and GMagAO-X (D = 24.5 m, A = 800 nm); the dashed grey lines mark 1A/ D for MagAO-X and
GMagAO-X. The colormap shows the viewing phase at each point in the orbit. Left: the orbit projected on
the plane of the sky (longitude of nodes arbitrarily set to 90° as it is unconstrained); Middle: the separation
in the plane of the sky as a function of the orbital phase (parameterized by mean anomaly, where meananom
= Om is periastron and the orbit proceeds through meananom = 27); Right: separation in the orbital plane,
which sets the equilibrium temperature for the models and controls the chemistry. GJ 876 b remains within
2\ /D for MagAO-X throughout its orbit, but is entirely outside 2\ /D for GMagAO-X, even at its brightest
phase. The orbital separation changes by less than 0.02 au throughout the orbit, so the model PT profile and

chemistry do not change as a function of separation.
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Figure 7.8: Pressure-temperature profile for GJ 876 b models plotted with condensation curves for chemical
species. The thick lines give PT profile for the three C/O ratios modeled; the PT profile is not meaningfully
affected by C/O ratio or orbital phase. The inset shows the region where the PT profile crosses with Sg
(sulfur hazes) and water curves showing where in the atmosphere those species condense into clouds.

Figure 7.7, right, shows the orbital separation over the course of the orbit; the planet-star separa-
tion never varies more than 0.02 au due to the nearly-circular orbit. Thus the model PT profile and
chemistry do not change significantly during the orbit. Figure 7.8 shows the PICASO-computed
PT profile for three values of C/O ratio (which is less critical here due to lower temperatures), plot-
ted with condensation curves for molecular species in VIRGA. The inset shows the region where
the PT profile crosses the sulfur hazes (Sg) and water curves, indicating where those species will
condense. We produced cloud-free and cloudy (via parameters given above) albedo and contrast

spectra for the 25 phases shown in Figure 7.7.

GJ 876 ¢

GJ 876 c is closer and more eccentric (e = 0.26) than GJ 876 b. We produced models for 25
phases spanning the range allowed by inclination, however due to the high eccentricity the planet-
star separation varies significantly over the course of an orbit, enough to affect the model and
resulting spectra. Figure 7.9 shows the visible phase sampling for our models as a function of the

orbit. We have chosen to sample phases along the longer half of the projected orbit. As seen in



193

T 23D Magho X

o
=]

r q 140 T T T T
4or 1 10 017 o 140
z 3\
120 g . 120 x
ol ) Za0 & 120
. £ ,
g £ 100 2 g
= Z30p 100 £
o of ks % ® =
= X 1/D MugAOX = e
a > z e
z L} 80 K] 80 %
< 7 £ :
S 20t 3 4 =
—20f & "@
—— 60 g 60 60
= 2/D GMagAOX
0.11
L d 10r
—40 %0 Ny 40 40
| I H . | ! ] i : 0.10f. | | ! | } )
40 20 0 -20 —40 0 2 4 6 0 1 2 3 4 5 6
A RA [mas| Meananom [rad] Meananom [rad]

Figure 7.9: Phase angle sampling as a function of orbit for GJ 876 ¢ modeling. See Figure 7.7 for ex-
planation. The orbital separation changes significantly throughout the orbit, so the model PT profile and
chemistry will change as a function of separation. Left: the red dashed line marks the line of nodes, with
phase>90 being towards the observer and phase<90 being away from the observer
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Figure 7.10: Pressure-temperature profile for GJ 876 ¢ models plotted with condensation curves for chem-
ical species. See Figure 7.8 caption for explanation.

Figure 7.9 (right), the planet-star separation varies by ~0.07 au over the course of our modeling,
which will impact the planet chemistry (see Section 7.3).

Figure 7.10 shows the computed PT profile for GJ 876 c. The thick lines show the PT profile
at three different phases. While all three cross the sulfur haze line, the larger phase angles do not
cross the water curve, meaning water will not condense at that portion of the orbit. 1 will expand

on this in Section 7.3.
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Table 7.2: Proxima Centauri Star and Planet Parameters

Parameter  Value Ref
Proxima Centauri
Test 3000 K 2
Radius 0.14 R, 1
SpT M5.5V 1
Log(Lum) -2.8797 L 1
Log(g) 52cms™? 1
Metallicity 0.21 dex 3
Distance  1.301197500033 pc
Proxima Centauri b

sma 0.04856+0.00030 au 1
period 11.1868 0 00a) d 1
ecc 0.020700; 1
M, sin ¢ 1.07£0.06 Mg, 1
Teq 234419, 2

(1) Faria et al. 2022, (2) Anglada-Escudé et al. 2016,
(3) Schlaufman and Laughlin 2010

7.2.3 Modeling Terrestrial Planets: Proxima Centauri b

Proxima Centauri b is the nearest exoplanet, is likely terrestrial, and happens to fall in the habit-
able zone of its M-dwarf host, making it a top priority target for Earth-like planet characterization
and biosignature searches. It has only been detected via radial velocity, so the inclination is uncon-
strained and the only mass estimate is the minimum mass. Its proximity to Earth means its the best
candidate for directly imaging a habitable zone planet. Table 7.2 lists star and planet parameters
used in our models.

Since inclination is unknown, the true mass of the planet is also unknown. We produced models
for seven inclinations, which sets the planet mass and the potential viewing phases. Table 7.3 lists
the inclinations we modeled and the corresponding planet mass (where M,, = M, sini/sin ) and
planet radius. To estimate radius we used the empirical mass-radius relation in Figure 7.2. Figure
7.11 (left) shows the orbit in the plane of the sky for four inclinations, with phase sampling points
marked with black ’x’s and MagAO-X and GMagAO-X IWAs marked as before. More face-on
orbits will have less phase variation along their orbits than more edge-on. Figure 7.11 (right)

shows the star-planet separation in the plane of the sky for the same inclinations.
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Table 7.3: Inclination, Mass, and Radius for Prox Cen b used in our models

Incl [deg] Mass [Mg] Radius [Rg]
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Figure 7.11: Left: Projected orbit for four inclination values with phase sampling marked as before. Right:
same orbits in plane-of-sky separation as a function of orbital phase.

Airless models. To produce models of Proxima Centauri b with no atmosphere we used the
wavelength-dependent albedos as a function of surface type for airless rocky planets from Hu et al.
(2012) (excluding surfaces unlikely to exist at these temperatures). Figure 7.12 shows the relevant
surface-type contrast curves for a planet with inclination = 60° and viewed at quadrature (phase =
90°), with broadband filters ¢', v/, ',2’, J, and H shown below.

Earth-like atmosphere. Unlike for gas giant planets, PICASO does not iteratively solve the
PT profile for terrestrial planets, so we approach terrestrial models differently. We provided an

analytical PT profile of Guillot (2010) (as reported in Batalha et al. 2018 Sec 2.2):

TH(z) = 0.75 x To (p(2) +2/3) (7.13)
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Figure 7.12: Contrast as a function of wavelength for various surface materials for the airless Prox Cen b
models, with filter profiles shown below.

which determines where clouds will form where the PT profile intersects with the condensation
curve. We used PICASO and VIRGA to reproduce the Earth-like model spectrum of Feng et al.
(2018) Figure 5. We used the same atmospheric composition with composition fraction for Ny =
0.79, 05 = 0.21, 03 = 7 x 1077, HyO= 3 x 1073, CO, = 300 x 107%, CH; = 686 x 107. We
find that T, = 237, fsea = 8, and the above star/planet parameters most closely reproduces the
albedo spectrum of Feng et al. (2018) (see Figure 7.6).

Starting from this configuration, we produced Earth-like atmosphere models for varying incli-

nations, phases, and cloud parameters.
7.2.4  Predicting S/N

Computing Signal Intensity From Models

Following the method of Males et al. (2021), we need to determine the signal arriving at the
detector in units of photons s™' A\/D~!. PICASO and other models return the flux from the
surface of the object, the planet in this case. So we need to scale the flux to that arriving at the
observer:

F =10 (7.14)

where F' = flux at Earth, I = model intensity, and

Q-_» (7.15)
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where R, = planet radius and D = distance, both in the same unit. Next convert ergs cm™* s™*

cm~2 to photons s~*. Energy per photon per wavelength is:

he
E = 7.16
[ergs] N (7.16)
and number of photons per wavelength:
2 } B [
= 7.17
o [cm s cm? E [ergs] (7.17)

Then the total flux in the filter is the sum over all wavelengths of the flux times the filter trans-

mission curve:
Total flux [y s 'em™?] = Z(F,\()\) [y em™tsTlem™2] x R()\) x 6X [em)]) (7.18)

where R(\) is the filter transmission curve as a function of wavelength, and J\ is the interval the

spectrum is sampled in. Finally now multiply by the telescope collecting area:
Total flux [y s7!] = Total flux [y s 'em™?] x 7r? (7.19)
where r is the radius of the primary mirror. This gives total filter flux in photons per second.

Noise in the Atmospheric Speckle Limited Regime

To estimate the noise of an observation we use the method of Males et al. (2021). The intensity

of a planet with contrast C' to the host star is:
L(t) =C x I, (7.20)

where I is the planet and star intensity in units of photons s=* (A\/D)~!, where \/D is the fun-
damental spatial scale for diffraction limited imaging. Noise is primarily dominated by Poisson
noise from the star’s halo and speckles from different noise sources, namely atmospheric speckles

with lifetimes ~10-50 ms and “quasi-static” speckles caused by the instrument with lifetimes of
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minutes to hours. The noise in a single resolution element located at the planet’s separation and

position angle from the star (r_g) can be written as:

o= I,.At I+ dos+ Ios  + Lo [Tas(I2, + 2[Ied o + LasIys]) + 7o (13, + 21 1g)] |+
Star Poisson noise | Star halo at ;gnet location Atm s}?eckles Quasistaacrspeckles
At
L, .At +  IgyAtNy(N)  + (RN > + 14 At Npix () (7.21)
—— N———— texp N————
Planet Poisson noise Sky background poisson noise SN———— dark current

Read noise

where:

* I,./1,. is the peak intensity in an aperture of size \/D centered on the Airy core without a
coronagraph in photons/sec/(A\/D), incorporating telescope and instrument throughput, with
I, = I x T x w/4 x Strehl Ratio, where [ is the star/planet’s intensity in a given filter, 7" is
the telescope and instrument throughput, and 7 /4 is the amount of starlight contained in the

Airy core in an aperture of size A/ D,
e [.is the fractional contribution of intensity from residual diffraction from coronagraph,
* [, is the contribution from atmospheric speckles,

* [, is contribution from speckles caused by instrument imperfections (”’quasi-static” speck-

les),
* T, 1s the average lifetime of atmospheric speckles (ms),
* 7,4 1s the average lifetime of quasi-static speckles (minuntes—hours),
* [,y 1s the average sky background count rate,
* RN is the read noise,
e 4. 1s the dark current count rate,
» At is the observation time,
* teqp 1S the exposure time of a single frame.

* N, is the number of pixels within the area of a circle of a 1 /D radius,
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» with Ay p[mas] = 71,1 = 0.5)/D, A/D[mas] = 0.2063342 x 107 and A,,;, = pixel side

length [mas?], then N,;, = A, ,p[mas]/Apic[mas|.

This is Males et al. (2021) Eqn 7 plus the typical noise terms. We assume that we have a perfectly
functioning coronagraph and instrument such that /,; and /. terms are negligible compared to
the atmospheric speckle terms, thus we are in the speckle-noise limited regime. Additionally, for
the purposes of these calculations I will assume that the sky, read noise, and dark current are all

negligible compared to the speckles. So this equation reduces to:
0% = LAt [Ios + L uTos12,] + I At (7.22)

and companion S/N becomes:

I, At
S/N = b (7.23)
Vs At [Los + I Tos 12 + 1, At
and the time to a desired S/N is:
S/NY?
At = ( ; ) (Lo (Las + LssTasl?,) + 1] (7.24)
p

Males et al. (2021) gives model maps for 7, as a function of guide star magnitude and wavefront
control (WFC; either simple integrator (SI) or linear predictive control (LP, Males and Guyon
2018)). Figure 7.13 shows the radial profile for an LP controller as a function of separation in \/D
and guide star magnitude (colors). Males et al. (2021) Figure 10 gives the average atmospheric
speckle lifetime 7,4 as a function of several parameters. For an LP WFC on a 24.5 m (GMT sized)
mirror on a Sth magnitude star 7,5, ~ 0.02 s; for an 8th magnitude star its ~0.03 s. For SP WFC
it’s significantly longer, ~0.07 s for a 24.5 m mirror on a 5th magnitude star.

Armed with these parameters and Eqn 7.24 we can estimate the time to a desired S/N for a
given ReflectX model at a known contrast and guide star magnitude. Figure 7.14 shows an
example of the S/N vs exposure time for REFLECTX models of gas giant planets GJ 876 b and ¢
in the filters listed for a GMT-sized primary mirror. We see that in the atmospheric speckle limited

regime GMagAO-X will easily reach S/N = 5 for both planets in most filters in less than an hour
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Radial Profiles of Atm Speckle Fractional Intensity
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Figure 7.13: The fractional contribution of atmospheric speckles (I,s) for a linear predictive wavefront

controller at 800 nm as a function of separation and guide star magnitude (colors), azimuthally averaged
from the maps of Males et al. (2021).
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Figure 7.14: S/N as a function of exposure time for the GJ 876 b/c REFLECTX models in the filters listed
for a 24.5 m primary, computed using Eqn 7.23. The models used here are at quadrature with fs.q = 0.03
and K,, = 1 x 10 (the brightest cloud configuration, see Figure 7.15). We estimated the throughput as
0.1, 75 = 0.02 (Males et al., 2021, Fig 10), 1,5 and Strehl ratio from the tables from Males et al. (2021),
The grey shaded region marks S/N = 5, a typical detection threshold. The mid-M host star is brightest in
longer wavelengths, giving shorter exposure times to detection on those filters.

of exposure time. This estimate assumed contribution of scattered light and quasi-static speckles

in negligible, with other parameters given in the caption.
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Figure 7.15: Planet-star contrast spectrum from models of GJ 876 b at quadrature with C/0 = 1.0 for three
cloud configurations, fseq = 0.3, K,.1 x 1079 (light blue), fseq = 6, K..1 x 10~ (dark purple), and
cloud-free (light pink). Molecular absorption lines are marked for the fs.q = 6 case. Filter curves used in
this analysis are shown in grey below. The atmosphere is Ho, and He dominant, with water, methane, and
ammonia the next most prevalent molecules. As cloud opacity decreases molecular absorption lines appear,
as well as an upward slope to the blue end from Rayleigh scattering.

7.3 Results

7.3.1 GJ876b

Select model contrast spectra at quadrature for three cloud configurations are shown in Figure
7.15. The filter passbands are shown at the bottom in grey. The clouds are composed of water
clouds and sulfur hazes, with cloud properties controlled by K, (vertical mixing) and f,.q (sedi-
mentation efficiency). With thick, puffy, reflective clouds the spectrum is bright across wavelengths
with no absorption features. As the cloud opacity decreases (with increasing fs.q/K..) molecular
absorption features from CH, and NHj appear, as well as a slope caused by Rayliegh scattering

which falls off towards the longer wavelengths.
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Figure 7.16: Broadband colors for GJ 876 b quadrature models for cloud free (black), cloudy with K,, =
1 x 10? (circles, solid line) and varying fieq (colors), and cloudy with K., = 1 x 10! (triangles, dashed
line) and varying fs.q. Left: Planet-star flux contrast as a function of wavelength, with broadband filter
profiles for g,r, 7, z, J, H, K filters shown below in grey. Right: broadband ¢ — H vs J contrast colors.
Cloud properties are broadly distinguishable in color-magnitude space.

Figure 7.16 (left) shows the planet/star contrast for all quadrature models at the central wave-
length of each filter, where this trend is clear. We see that for high values of K, + large f..q the
clouds aren’t appreciably different from the cloud-free case. The K. value has significant impact
on the contrast for higher values of f.q, while for f,.q = 0.03 it makes little difference. For the
smallest f..q the contrast is nearly constant, while for thinner clouds (higher f,.q) the model is
much fainter at redder wavelengths. This is also seen in the color-magnitude diagram in Figure
7.16 (right) where the puffy clouds are several magnitudes brighter and bluer than thin clouds and
vigorous vertical mixing. Figure 7.17 shows contrast as a function of phase, and Figure 7.18 shows
how the models move in color-magnitude space as a function of phase. Different cloud properties
cause different changes in color as a function of phase.

Reflected light broadband photometry in visible and Near IR has constraining power for gas
giant cloud properties. However at these temperatures varying C/O does not have a large enough

effect on chemistry to be distinguished above uncertainty in broadband photometry alone.

7.3.2 GJ876¢

GJ 876 c exhibits different behavior than b due to its eccentric orbit. Figure 7.19 shows the
z' band phase curve and models in color-magnitude space as a function of phase. In particular

the fs.q = 1 with strong vertical mixing and f,.,q = 6 with weak vertical mixing brighten at
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Figure 7.18: Left: Models in color-magnitude space as a function of phase; error bars are for S/N = 5. The
cloudy spectra behave differently as a function of phase. Right: Selected cloud models in color-magnitude
space as a function of phase for three C/O ratio values. Broadband photometry is not sufficient for distin-
guishing C/O ratio above uncertainty.

higher phase angles, with the later exhibiting a sharp turn from dimming to brightening trend at
phase~115°

As shown in Figure 7.9 and 7.10, at higher phase angles GJ 876 c is at a point in its orbit closer
to the star due to its higher eccentricity, which means at these points it is hot enough that the PT
profile does not cross the water condensation curve under the assumptions of this model. Figure
7.20 (top, right) shows the orbital separation in the orbit plane, while (top, left) gives separation as
a function of orbit phase, with viewing phase given by the colormap. Regions shaded purple are too

hot for water clouds to condense in these models, which correspond to phases 2 115°. Figure 7.20
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Figure 7.19

(bottom, left) shows the reflected spectrum for weak vertical mixing and thin clouds for models at
four phases — 40, 110, 120, and 140°; (bottom, right) shows the cloud optical depth 7 as a function
of altitude (pressure). For phases < 115°, water clouds condense between 0—0.1 bars, while phases
> 115° don’t have the water cloud feature (the lower cloud bank is sulfur hazes). This translates
to brighter spectra at longer wavelengths due to the bright water clouds. The contrast trends down
as phase increases, but when water clouds go away the contrast increases again as phase goes from
120 to 140°, especially at longer wavelengths. This can be seen in Figure 7.21 which shows the

same spectra as Figure 7.20, focusing on z-band wavelength range highlighted in Figure 7.19.

7.3.3  Proxima Centauri b

Figure 7.22 shows the airless and Earth-like models in color-magnitude space. The airless and
Earth-like models are well separated from each other, and for the most part from the different cases
within each group, by several magnitudes, just as with the gas giant models.

Figure 7.23 (top) shows a REFLECTX Proxima Centauri b Earth-like atmosphere cloudless
albedo spectrum with inclination = 60° and viewed at quadrature with atmospheric molecular fea-
tures labeled. Figure 7.23 (bottom) shows the albedo spectrum for the same model with 100%
water cloud coverage and 50% cloud coverage, the flux contrast spectrum (Fp/Fs), the PHOENIX
stellar spectrum (Fs), and the planet flux spectrum (=Fp/Fs x Fs). The presence of clouds makes
the spectrum much brighter but washes out most of the molecular features. Some water features

might be detectable at >1pum.
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Figure 7.20: Left: Phase curves for GJ 876 ¢ models for cloudy and cloud-free models in 2’ band. Some
cloud configurations exhibit brightening trend at higher phase angles. Right: Models in J vs H — ¢ color
space where some cloud configurations exhibit surprising behavior with phase due to the (lack of) conden-
sation of water clouds.

7.4 Future Work

Proxima Centauri b models. We plan to produce Venus-like CO5 dominated atmospheric models
and Titan-like CH, and haze dominated models as well for this planet. For the airless models, we

intend to expand the surface reflectivity analysis to rocky components (like silicates, carbonates,
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Figure 7.21: Top: GJ 876 c physical separation as a function of orbital phase and viewing phase. Orbit
points within the purple regions are too hot for water clouds to condense under the assumptions of this
model. Bottom left: Reflectance spectrum for four phases. Right: cloud opacity as a function of altitude

(parameterized by pressure). For the smaller phase angles water clouds form between 0-0.1 bars which are
absent at higher phase angles.

and basalts), and how different mixtures of componenets affect reflectivity in the optical; as well
as trying to reproduce spectra of airless Solar System bodies such as the Moon with our model
framework.

Following construction of those model sets, we will expand the model grid to generic star/-
planet properties to enable modeling of any terrestrial planet. We will also be producing models of
specific terrestrial planets in Figure 7.1.

Gas Giant planets. We will be expanding the gas giant models developed while modeling GJ 876
to provide models spanning star and planet properties, as well as specific gas giant planets in Figure
7.1.

Future analysis. So far we have only evaluated the models in broadband photometry. High-
resolution spectroscopy is necessary to observe specific atmospheric features and quantify abun-
dances. There is a trade-off between high-resolution for resolving features and feature shapes, and
the drop in throughput (in an already photon-starved regime) and increase in detector space that
comes with high-resolutions. An important analysis will be how to maximize science yield and
minimize the resolution needed for optimal science return, which will inform instrument design

and trade studies.
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Figure 7.22: Color-magnitude diagram for airless (red) and Earth-like atmosphere models. The airless and
Earth-like models are well separated from each other, and for the most part from the different cases within
each group, by several magnitudes, just as with the gas giant models.
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Figure 7.23: Top: Earth-like Proxima Centauri b cloudless albedo spectrum for inclination = 60° and phase
= 90°, with molecular absorption features labeled. Bottom: Earth-like atmosphere albedo model under the
same configurations with 100% and 50% cloud cover; the flux contrast (Fp/Fs), the stellar spectrum model,
and the planet flux spectrum. More cloud cover leads to brighter planets but fewer spectral features for

constraining composition.
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Understanding the effect of orbital motion will be essential prior to conducting these surveys.
With closer separations orbital motion will be significant enough that the planet signal will move
during the course of an observation. For example, Proxima Centauri b has an orbital period of 11
days; if 10’s of hours of observation are needed for adequate signal the planet will move signifi-
cantly during that times. Additionally, separation for the planet from the star will vary, and there
will be some nights it’s not visible during the orbital period. Orbital motion is also beneficial for
separating a potentially Earth-like atmosphere from the Earth’s atmosphere, which we will be ob-
serving through. If there is sufficiently high signal and resolution we can distinguish Prox Cen b’s
atmospheric lines from lines in the Earth’s atmosphere via red/blue shifting. We are planning an
orbit study to inform observing strategy along the lines of Males et al. (2013). Additionally, Sal-
vador et al. (2024) recently found that knowledge of the planet orbit accurately constrains planet
radius from reflected light observations.

Comparison of our model predictions to JWST transit spectroscopy will provide an additional
axis of information. For example, transit spectra only probe the atmosphere on the terminator
while reflected light probes the entire planet disk. And understanding how reflected light spec-
tra molecule detection compares to or improves on transit spectra line detection (or lack of) is
important for developing a cohesive picture of transiting planet atmospheres.

Finally, we intend to develop a tool for users to interface with the REFLECTX model suite for

the exoplanet community to produce and explore models for reflected light imaging with ELTs.

7.5 Conclusion

Direct imaging is the future of exoplanet science, but requires advancements in technology to
detect older, closer, and smaller planets than current DI capabilities allow. MagAO-X is a devel-
opment platform for these technologies, and plans to begin trying to detect planets in light they
reflect from their star in the next few years. Careful modeling work is necessary to inform ob-
serving strategies, predict survey yields, inform instrument design, and forward model spectra for
understanding results. We are developing the REFLECTX model suite to provide reflected light
models spanning star and planet properties, models of specific nearby planets with known char-

acteristics, and a tool for the community to interface with the models. This work is on-going and
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will comprise a significant portion of my post-doctoral research fellowship beginning in September

2024. Publication of the first model results is expected in mid-2024.



Chapter 8

Conclusion

“Someone once told me that time was a predator that
stalked us all our lives. I rather believe that time is a
companion who goes with us on the journey and
reminds us to cherish every moment, because it will
never come again. What we leave behind is not as
important as how we’ve lived. After all Number One,

we’re only mortal.”

Capt Jean-Luc Picard
Star Trek: Generations (1994)
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The work in this thesis has focused on the direct imaging of exoplanets through a variety of av-
enues of exploration, all focused towards the goal of directly detecting and characterizing exoplan-
ets. Achieving this goal requires ongoing and active development of optical, wavefront control,
and speckle suppression technology, observational strategies for maximally subtracting residual
starlight while retaining faint companion signals, methods for determining the mostly likely stars
to host detectable planets for novel detections, and predictions of known exoplanet orbits and
potential reflectance spectra for detection and characterizations in reflected light. This work has
contributed to most of these, while pointing towards what is still left to do.

In Chapter 4 I analyzed a dataset from 2015-2017 observed with the MagAO instrument using
the binary differential imaging observing strategy, which could outperform angular differential
imaging at close separations for equal-magnitude binaries separated from 2-10”. I detected one
candidate signal at 2\ /D separation from HIP 67506 A, a separation that is very difficult to detect
companions due to starlight subtraction residuals, but a regime necessary for future reflected light
imaging of nearby known planets that are close to their stars. The candidate signal was dubious,
but secondary indications pointed to its being astrophysical — it displayed a curved sky path over
time pointing to the presence of a massive companion, and it was over-luminous, brighter than
it would be if it were a single star. We followed up on this signal with MagAO-X in 2022 and
discovered it is a mid-M dwarf stellar companion. While brighter than potential brown dwarf or
planet signals at 2\ /D, this work showed that things can be detected at those separations and that
secondary indications are vital tools for vetting candidate signals.

The majority of stars are in multiple systems; single stars like our own represent only about one
quarter of stars. In Chapter 3 I described a system that got me interested in how stellar multiplicity
affects planetary systems. The Boyajian’s Star system is still not well explained by astrophysi-
cal phenomena, but it is possible that its wide stellar companion may contribute in some as-yet
unknown way.

ExAO instruments like MagAO-X can be used to explore this question as well. In Chapter
6 I described my survey (The Pup Search) designed to use ExAO tools for detecting new WD
companions to AFGK stars (a science case that ExAO has never been used for to my knowledge),
probing pollution of WDs in binaries at closer separations than previous surveys, and ultimately

examining the orbits of polluted/non-polluted WD+MS systems. This is a long term project and
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one I will be pursing in my post-doctoral work. In Chapter 6 I presented the first observations for
the Pup Search in which we observed 14 Pup Search main sequence star targets with MagAO-X
and detected 8 candidate signals, at least 5 of which are white dwarfs (one is unknown, one is a
subdwarf, and one is an M dwarf). With an initial list of 84 targets, we anticipate detecting ~38
new Sirius-Like Systems through this survey.

The next steps for this project are to continue to observe Pup Search targets, revisit companion
detections to establish common proper motion, observe new companions for pollution, and obtain
long time-baseline RV and astrometric observations for orbit studies. Additionally, I intend to build
on prior simulations exploring the effects of stellar companions on planetesimals in the planetary
regime under the companion’s influence at the separations we are sensitive to and under orbital
evolution.

Directly detecting a planet in the light it reflects from its host star is the next essential step in
exoplanet characterization, and is the main science goal for the MagAO-X instrument. In Chapter 7
I described work only just begun to model the potential atmospheres of nearby known exoplanets
to predict their reflectance spectra in optical wavelengths. Chapter 7 presents the work to date,
including the gas giants GJ 876 b and c, and airless and Earth-like models of Proxima Centauri
b. Much remains to be done with those models, particularly producing more models of different
possible atmospheres (or lack of), including a Titan-like methane dominant atmosphere, a Venus-
like carbon dioxide dominant atmosphere, and potential worlds not in our solar system such as a
water world. For gas giants, models of Neptune-like, Saturn-like, Jupiter-like, and Super-Jupiter
masses and metallicities will span possible giant planet characteristics. I am planning a generic grid
of gas giant and terrestrial planet models to allow users to explore the effects of planet parameters
on reflectance spectrum and provide forward models for retrievals.

The ultimate goal of the model suite is to enable exploration of open questions as the field pre-
pares to make the first reflected light exoplanet detections. An open question in preparing for this
science, that this work seeks to address, is the spectral resolution and signal-to-noise ratios needed
to robustly detect atmospheric molecules, constrain cloud properties, and constrain planetary prop-
erties such as gravity. Additionally, what are the optimal wavelength bands for 1) detection, and
2) characterization of reflected light planets, and are they the same? What S/N is needed to detect

biosignatures and can potential biosignature gasses be distinguished from an abiotic production
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case? What can we learn from current and ongoing JWST transmission spectra that are comple-
mentary or different from what we can learn from future reflected light spectra? How can we plan
for ground-based observations of planets with short periods, like Prox Cen b’s 11-day period, with
the day-night cycle and observable orbital motion during the hours-long observations? This work
is not the only avenue for exploring these questions, but will be a valuable tool for the MagAO-X
team and the larger community preparing for these detections. Answering these questions will
comprise the majority of my post-doctoral work.

A driving question through the history of humanity is if our small planet represents the only
instance of life in the universe. We now know that each star on average hosts more than one planet,
a revolutionary discovery only made through the last 30 years of human history. We stand on the
precipice of unprecedented tools and technology to try to answer this question, and I am hopeful
that in my lifetime we will witness the first unambiguous biosignature detection on another world.
Because if we are the only one, in the face of billions of planets around billions of stars contained

within each of billions of galaxies, then it sure is an awful waste of space.
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A.1 Binary System Details

Here we present details of each binary system in our survey. In the following discussion, we
have made use of the Gaia EDR3 Renormalized Unit Weight Error (RUWE) metric as a signpost
for the (non-)existence of unresolved companions. RUWE encapsulates all sources of error in the
fit to the assumed single star astrometric model, corrected for correlation with source color and
magnitude. RUWE = 1 is expected for a well-behaved solution (Lindegren, 2018b)!. RUWE has
been shown to be sensitive to companions on separations from ~0.2-1.2” (Kervella et al., 2022),
periods of months < P < 10 years, and mass and luminosity ratios <1, for which photocenter
motion is perturbed from motion of a single star model (Penoyre et al., 2021). RUWE 1-1.4
has been shown to be very strongly correlated with photocenter perturbation from an unresolved
companion (Stassun and Torres, 2021; Belokurov et al., 2020); RUWE 1.4-2 indicates deviation
from a single star model but the astrometry may still be reliable (Maiz Apellaniz et al., 2021);
RUWE >2 indicates significant deviation from a single star model. Elevated RUWE in young
sources (7 < 10 Myr) may also be attributed to the presence of a disk (Fitton et al., 2022).

Additionally, we have made use of the Hipparcos—Gaia Catalog of Accelerations (Brandt, 2021)
as a signpost for unresolved companions on wider orbits for which RUWE is less sensitive. Signif-
icant difference between the long-baseline proper motion vector and the instantaneous PM vectors
in Hipparcos and Gaia observation epochs (proper motion anomaly, PMa) can indicate the pres-
ence of an unresolved companion causing acceleration. We made use of the Kervella et al. 2019
(for DR2) and Kervella et al. 2022 (for EDR3) PMa catalogs to indicate the (non-)existence of
significant PMa; S/N > 3 is considered significant in Kervella et al. 2019. We note that PMa sen-
sitivity depends on mass, distance, and orbital period, and use it as a indicator only and not a tool
for prediction of companion properties.

HD 36705 — HD 36705 (AB Dor) is a nearby (15 pc), KOV+M5-6 (Torres et al., 2006), 97
T-Tauri type binary in the AB Doradus moving group with masses 0.865 + 0.034 M, (Close
et al., 2005) and 0.37 Mg, (Sebastian et al., 2021) respectively. AB Dor A is an ultra-fast rotator
that is chromospherically active (Lalitha et al., 2013). AB Dor B (RST 137B, HBC 434) was first
detected by Vilhu and Linsky (1987) in X-ray emission. Close et al. (2005) placed the age of AB

Thttps://www.cosmos.esa.int/web/gaia/dr2-known-issues#AstrometryConsiderations
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Dor A at 50155 Myr due to lithium (Mewe et al., 1996), X-ray activity, and rotation rate, younger
than the average age of 14973} for the AB Dor moving group (Bell et al., 2015). A wide variety
of ages have been estimated for AB Dor spanning 5 Myr to 240 Myr (75-150 Myr— Luhman et al.
2005; 100 Myr— Mamajek and Hillenbrand 2008, 70 Myr— Chauvin et al. 2010, 240 Myr— Vican
2012, 10 Myr- Gaspdr et al. 2013, 150 Myr— Richey-Yowell et al. 2019, 5.6 Myr— Binks et al.
2020). We adopted the average age of 100 Myr for our analysis.

Both stars have their own subsystems. Close et al. (2005) detected a significantly redder com-
panion to AB Dor A, which they named AB Dor C, at 0.156 £ 0.010” and position angle 127 £ 1°,
with a dynamical mass of 0.090 4 0.008 Mg (Azulay et al., 2017). Climent et al. (2019) inferred
the presence of a companion to AB Dor C in VLTI/AMBER J,H,K band, with 38 + 1 mas separa-
tion and masses of 0.072 + 0.013 and 0.013 4+ 0.01 M, for AB Dor Ca, Cb respectively. Close
et al. (2005) also detected a 0.070” companion to AB Dor B (AB Dor Ba, Bb) at position angle
238.6 £ 0.38°. AB Dor A and B are resolved in Gaia EDR3, both with large RUWE values (A:
RUWE = 25.13; B: RUWE = 3.52), nevertheless uncertainties of astrometric quantities are small,
the parallaxes are consistent with Hipparcos (van Leeuwen, 2007), and separation/PA is consistent
with the Washington Double Star catalog (WDS; Mason et al., 2001). No significant IR excess was
detected by McDonald et al. (2012) (average excess infrared (EIR) = 1.108 for 4.2-25 pm, where
EIR = 1 indicates no excess).

HD 37551 — HD 37551 (WX Col) is a young, 4” binary at a distance of 80 pc. HD 37551 A and
B have a mass of 0.93 M, and 0.80 M, respectively (Anders et al., 2019), and spectral type G7V
and K1V (Torres et al., 2006). Both stars have RUWE values ~1 (A: RUWE = 0.97; B: RUWE =
0.96), indicating that unresolved companions are unlikely (Lindegren et al., 2018).

Rodigas et al. (2015) used this system as a test case in their BDI paper. They noted that it had
previously been identified as an AB Dor member (Torres et al., 2006; Elliott et al., 2014), and
that low-mass AB Dor members have Li-depletion boundary ages indistinguishable from that of
the Pleiades, i.e., 130 = 20 Myr (Barrado y Navascues et al., 2004), and adopted this age for the
system. Binks et al. (2020) retained it as an AB Dor member, and BANYAN X (Gagné et al.,
2018) gives 86.7% AB Dor membership probability. However Binks et al. (2020) determined
ages of 18.373¢ and 11.6%37 via SED fitting for A and B respectfully. We adopted an age of
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130 + 20 Myr for our analysis. The younger age of Binks et al. (2020) would result in mass limits
~15Mj,, smaller.

HD 47787 — HD 47787 is a young (16.5 £ 6.5 Myr derived from evolutionary models, Tetzlaff
et al. 2011) 2” binary of roughly equal brightness at 48 pc. It is not a member of a known young
moving group (99.9% field in Banyan X). A second possible companion is seen at 12.2” (Dom-
manget and Nys, 2000; Fabricius et al., 2002) however the Gaia EDR3 parallax is significantly
different from HD 47787 A, suggesting they may not be associated. A and B are both spectral type
K11V (Torres et al., 2006), and have mass 0.85 M and 0.89 M, respectively (Anders et al., 2019).
Both have RUWE = 1.1, suggesting any unresolved companions are unlikely to be resolvable in
imaging if present.

HD 76534 — HD 76534 (OU Vel) is a very young Herbig Be star with spectral type B2Vn
(Houk, 1978) in a 2” binary at 869 pc with associated nebulosity. The age is 0.27 £ 0.01 Myr,
derived from MESA Isochrones and Stellar Tracks (Choi et al., 2016) and Gaia DR2 colors, in
Arun et al. 2019. Finkenzeller and Mundt (1984) observed a double peaked Ha emission line
with an unshifted absorption line; Berrilli et al. (1992) confirmed dust structures around this and
other Herbig Ae/Be stars with optical and Mid- to Far IR luminosities. HD 76534 A has a mass
of 6.31 +0.05 M, (Arun et al., 2019), HD 76534 B has a mass of ~2 M, (Anders et al., 2019).
HD 76534 A has an elevated RUWE (RUWE = 1.53), suggesting a possible unresolved companion,
however RUWE can also be elevated for highly variable stars (Belokurov et al., 2020). HD 76534 B
has RUWE = 0.88, making a companion unlikely.

HD 82984 — HD 82984 is a 2” pre-main sequence field star binary at a distance of 274 pc, and
an age of 53.4 £ 15.1 Myr (derived from evolutionary models, Tetzlaff et al. 2011). Both stars
are nearly equal magnitude, with mass 6.3 + 0.1 M, (Tetzlaff et al., 2011) and spectral type B4-
SIII (Houk, 1978; Tetzlaff et al., 2011). HD 82984 AB has RUWE = 1.04 and 1.25 respectively.
Kervella et al. (2019) identified a statistically significant PMa in both Hipparcos (S/N = 9.24)
and Gaia DR2 (S/N = 10.04) astrometry for HD 82984 A, indicating the possible presence of a

1/2

companion. They computed that a normalized mass of mj = 513.26 Mj,,, AU™"/# would cause the

observed acceleration. Extending to the binary separation, this becomes

By =11 M, (A1)
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so the influence of the secondary might contribute to the observed PMa. PMa reported for Gaia
EDR3 (Kervella et al., 2022) is consistent with this estimate.

HD 104231 — HD 104231 is a 4.5” binary at 100 pc in Lower Centaurs Crux (Hoogerw-
erf, 2000) with an age of 21 Myr (derived from isochrone model fitting, Pecaut et al., 2012).
HD 104231 A has spectral type F5V (Houk and Cowley, 1975) and mass 1.33 My ; HD 104231 B
has mass 0.30 M (Hagelberg et al., 2020). HD 104231 AB have RUWE = 0.82 and 2.29, suggest-
ing a possible unresolved companion around B, although there is no significant PMa in Kervella
et al. (2019). Mittal et al. (2015) observed statistically significant infrared excess luminosity for
HD 104231 A in Spitzer 10um (S/N = 6.85) and 20pum (S/N = 12.82) bands, corresponding to
silicate emission line features. Tobal (2000) reported astrometry for a companion at 7.7 observed
in 1997, labeled HD 104231 B in the Washington Double Star catalog (WDS), however no further
observations of this companion are reported, nor is there a corresponding source in Gaia EDR3.
We conclude this is spurious and adopt the 4.5 companion (labeled HD 104231 C in WDS) to be
HD 104231 B.

HD 118072 — HD 118072 (V347 Hya) is a G-type 2.3” binary at 80 pc in the Argus Association
(89.2% Banyan Y. probability). We adopted the mean age of 40-50 Myr for the Argus Association
(Zuckerman, 2019). HD 118072 A has a spectral type G3V (Torres et al., 2000) and mass 1.11 M,
(Chandler et al., 2016). Both have RUWE close to one (A: RUWE = 1.027, B: RUWE = 0.962)
and no significant PMa.

HD 118991 — HD 118991 (Q Cen) is a SpT B8.5 + A2.5 (Gray and Garrison, 1987), 5.6
binary at 88 pc in the Scorpius-Centaurus Association (76.7% Lower Centaurus-Crux, 21.5% Up-
per Centaurus-Lupus, 1.8% Field Banyan Y probabilities), with an age of 130-140 Myr (derived
from isochrone fitting of Stromgren photometry, David and Hillenbrand, 2015). HD 118991 A
has a mass of 3.6-3.7 My (David and Hillenbrand, 2015). Both have RUWE close to one (A:
RUWE =1.108, B: RUWE = 1.065) and no significant PMa.

HD 137727 — HD 137727 contains a pair of G-type stars (GIIII+GO6IV, Torres et al. 2000) in
a 2.2” binary at 112 pc, with an age of 8 Myr (Tetzlaff et al., 2011). HD 137727 A has a mass of
0.88 Mg (Chandler et al., 2016). HD 137727 A has RUWE = 1.416, but Kervella et al. (2019) did
not detect a significant PMa. HD 137727 B has RUWE = 0.88 and no significant PMa.
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HD 147553 — HD 147553 is a 6” B9.5V + A1V (Corbally, 1984) binary in Upper Centaurus-
Lupus (Banyan >: 90.7% probability UCL, 9.0% USco) at a distance of 138 pc. We adopted the
median age of UCL 161 Myr derived from isochrone fitting (Pecaut et al., 2012). HD 147553 A
has a mass of 2.7 Mg (Hernandez et al., 2005). Both have RUWE close to one (A: RUWE =0.927,
B: RUWE = 1.017) and no significant PMa.

HD 151771 — HD 151771 contains a pair of late B-type (B8III + B9.5, Corbally 1984) field
stars with separation 7 at 270 pc. Kervella et al. (2019) found a slightly significant (S/N = 3.79)
proper motion anomaly on the Gaia DR2 epoch only for HD 151771 A, which at the current
separation of the binary (~1890 AU) would result from an object of mass 3.5 M, and so is likely
explained by the influence of the secondary star. HD 151771 A and B have RUWE = 1.22 and
0.797 respectively in Gaia EDR3.

We could not find an age in the literature for either star. We used SYCLIST isochrones for B-
type stars computed in Georgy et al. 2013, which used the Geneva stellar evolution code (Ekstrom
etal., 2012) to compute grids from 1.7 to 15 M, for three metalicities (Z = 0.014 (solar), Z = 0.006,
and Z = 0.002) and a range of rotation rates ({2) from zero to critical velocity ({2.;;). We used the
stellar luminosity estimate of McDonald et al. 2012 (L = 311.76 L) and the 2MASS J-K color
(J-K = 0.08) to interpolate age from the Georgy et al. 2013 isochrones. We estimated ages for all
three metalicities and for three rotation rate values (£2/2.;; = 0.0, 0.5, 0.9), which returned age
estimates spanning 200-300 Myr. We performed our analysis for all nine estimated ages.

HD 164249 — HD 164249 is a 6” binary at 50 pc in the 5 Pic moving group (Messina et al.,
2017). We adopted the average age of the [ Pictoris moving group of 25+3 Myr, derived from
lithium depletion boundary modeling (Messina et al., 2016). HD 164249 AB have masses 1.29 and
0.54 M, (Zuaniga-Fernandez et al., 2021) and SpT F6V + M2V (Torres et al., 2006) respectively.
HD 164249 AB have RUWE = 1.09 and 1.22. HD 164249 A does not have a significant PMa
value.

HD 201247 — HD 201247 is a pair of G-type stars (G5V + G7V; Gray et al. 2006) at 33 pc with
separation 4” and age of 200-300 Myr (derived from chromospheric and coronal X-ray activity and
Li EW, Zuckerman et al., 2013). HD 201247 A has mass 0.94 M, and HD 201247 B has mass 0.89
M, (Osborn et al., 2020). Both have RUWE close to one (A: RUWE = 1.064, B: RUWE = 1.002)
and no significant PMa (S/N < 3).
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HD 222259 — HD 222259 (DS Tuc) is a 5” binary of SpT G6V + K3V (Torres et al., 2000) at
44 pc in the Tucana-Horologium Moving Group. We adopted the average age of 45 Myr derived
from isochrone fitting of moving group members (Bell et al., 2015). DS Tuc A and B have masses
1.01 &+ 0.06 and 0.84 + 0.06 M, (Newton et al., 2019). Both have RUWE close to one (A:
RUWE =0.95, B: RUWE = 0.91) and no significant PMa (S/N < 3). Newton et al. (2019) detected
a transiting planet around DS Tuc A with the Transiting Exoplanet Survey Satellite (TESS; Ricker
et al., 2015) with an 8 day period who’s orbit is likely aligned with the binary orbit. They did not
find additional companions using the Gemini Planet Imager (GPI, Macintosh et al. 2014) integral
field spectroscopy in H-band or in the TESS photometry.

HIP 67506 and TYC 7797-34-2 — HIP 67506 is a field star (99.9% probability in Banyan ). It
was identified as a wide binary in the Hipparcos and Tycho Doubles and Multiples Catalog (ESA,
1997) with another star (TYC 7797-34-2) with separation 97, and dubbed HIP 67506 A and B.
HIP 67506 has a distance 89.5 £ 30 pc according to the Hipparcos catalog (van Leeuwen, 2007).
HIP 67506 is identified as type G5 (Spencer Jones and Jackson, 1939) and mass 1.2 M, (Chandler
et al., 2016). Both stars have Gaia ERD3 RUWE > 1.4 (A: RUWE = 2.02; B: RUWE = 1.73).

There is no age in the literature for these stars. To estimate the age of HIP 67506, we used
the luminosity and effective temperature estimates of McDonald et al. (2012) for the primary
(Tegg = 6077 £ 150 K; L = 0.37 £+ 0.07 L) to interpolate an age of ~ 200 Myr using BHACI15
isochrones. There is no literature age nor stellar parameter estimates for TYC 7797-34-2, so we
performed our analysis assuming a range of ages from 200 Myr to 10 Gyr.

Status as gravitationally bound binary. Gaia EDR3 shows two sources corresponding to the
expected separation and position angle given by Hipparcos, yet differing parallax solutions (A:
source 1d =6109011780753115776, m =4.51 mas; B: source id = 6109011742094383744, = =0.55
mas). The dramatically different Gaia parallaxes for A and B question if the two stars are actually
a gravitationally bound pair versus a chance alignment of unassociated stars at different distances.

We conducted a common proper motion analysis using Washington Double Star Catalog astrom-
etry of the pair (WDS J13500-4303A and B) and determined the previously-identified HIP 67506 B
(TYC 7797-34-2) is in fact an unassociated star that is much further distant. This analysis will be

presented in a forthcoming follow up paper on this system, Pearce et al. (in prep). This has no
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impact on the utility of the pair for BDI, however it does impact the contrast and mass limits we
are able to achieve for the much further distant star.
TWA 13 — TWA 13 is a pair of M1Ve (Torres et al., 2006) T-Tauri stars (Samus’ et al., 2003)
at 60 pc and 5” separation in the TW Hydra Association (Schneider et al., 2012). We adopted
the mean age of TW Hydra (10*1° Myr, from isochrone fitting, lithium equivalent width, and Ho
emission in Barrado Y Navascués 2006. Both have mass of 0.57 M, (Herczeg and Hillenbrand,
2014). TWA 13 A has RUWE = 1.085 while TWA 13 B has a slightly elevated RUWE = 1.266.
2MASS J01535076-1459503 — 2MASS J01535076-1459503 is a 3” young (25 + 3 Myr,
Messina et al. 2016) binary in the 3 Pictoris Moving Group (Messina et al., 2017) at 33 pc. We
adopted the mean age of 3 Pictoris Moving Group (25+3 Myr, Messina et al. 2016). 2MASS J01535076-
1459503 A has a mass of 0.34 M (Osborn et al., 2020) and SpT M3 (Riaz et al., 2006). 2ZMASS J01535076-
1459503 A has a slightly elevated RUWE while 2MASS J01535076-1459503 B has an RUWE
close to one (A: RUWE = 1.220, B: RUWE = 1.089).
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B.1 HIP 67506 B is not a wide binary companion to HIP 67506 A

The Gaia solutions for HIP 67506 A and HIP 67506 B show differing parallax solutions (A:
source 1d =6109011780753115776, m =4.51 mas; B: source id = 6109011742094383744, = =0.55
mas), indicating that HIP 67506 B is an order of magnitude more distant than HIP 67506 A.
This raises the question if the two stars are actually a gravitationally bound pair versus a chance
alignment of unassociated stars at different distances. We queried the Gaia catalog for all objects
within a 1° radius of HIP 67506 A and used a simple Monte Carlo simulation to determine that,
given the density of objects in the local region, the probability of a chance alignment of two stars
within a 9” radius is 38.9 + 1.6%. The probability of chance alignment of two stars within 9” and
2 magnitudes is 4.5 £ 0.7%. So it is plausible that they are a chance alignment.

The Washington Double Star Catalog (WDS; Mason et al., 2001) astrometry for this sys-
tem (WDS J13500-4303 A and B) is shown in Table B.1. Figure B.1 displays the motion of
HIP 67506 B relative to HIP 67506 A as observed in WDS (circles), the predicted position of
HIP 67506 B if it were an unmoving background star and HIP 67506 A moved with the proper
motion given by Gaia DR3 (black track and diamonds), and the Gaia DR3 proper motion and par-
allax track for HIP 67506 B (blue track). The WDS astrometry is consistent with the Gaia proper
motion and parallax and not a gravitationally bound pair with common proper motion, indicating
that the small parallax in Gaia DR3 for HIP 67506 B is correct and the two are unassociated.

Assuming a mass of 1.2 M, for both stars (since HIP 67506 B appears to have a similar bright-
ness as A), the escape velocity at the current separation is 1.306 4 0.005 km s~!. Taking the case
of a face-on orbit (radial velocity = 0 km s, the smallest possible value for the relative velocity
vector), the observed linear motion shown in Figure B.1 gives a velocity of 2442 km s, roughly
14-0 larger than the escape velocity. Clarke (2020) and Belokurov et al. (2020) showed that un-
resolved hierarchical triples and high RUWE astrometric solutions can produce relative velocities
exceeding escape velocity and an apparent deviation from Newtonian gravity in the case of bound
systems, so we are unable to entirely rule out their being a gravitationally bound system. But the
remarkable agreement of WDS astrometry with the Gaia proper motion solutions strongly favors

the Gaia parallaxes and proper motions being accurate.
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Figure B.1: Relative astrometry of HIP 67506 A and HIP 67506 B (WDS J13500-4303 A and B). The
abscissa and ordinate axes display position of HIP 67506 B relative to HIP 67506 A in mas in right ascension
(RA) and declination (Dec). The motion of a non-moving background object at the position of HIP 67506 B
is shown by the black track for the Gaia DR3 proper motion and parallax given for HIP 67506 B, with the
predicted position at WDS observation epochs marked by colored diamonds. The blue track shows the track
over the same time span given by the Gaia DR3 proper motion and parallax of HIP 67506 B. The observed
WDS positions shown in Table B.1 are marked by filled circles with corresponding epoch colors. The
observed motion of HIP 67506 B relative to HIP 67506 A is consistent with the Gaia DR3 proper motion
and not with a common proper motion pair. We conclude that the order-of-magnitude higher distance for
HIP 67506 B than HIP 67506 A given by Gaia DR3 is correct.

We conclude that the two sources are not a gravitationally bound system, and that the star
HIP 67506 B is not in fact a companion to HIP 67506 A, but a much further distant background

star.
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Table B.1: WDS catalog entry for HIP 67506 A and HIP 67506 B (WDS J13500-4303 A and B)

Date Position Angle PA Error Sep Sep Error Ref
(deg) (deg) (arcsec)  (arcsec)

1991.25 323.3 - 9.190 - Esa 1997
1991.43 3234 - 9.19 - Fabricius et al. 2002
1998.482 324.6 0.1 9.230 0.001 Hartkopf et al. 2013
1999.40 324.3 - 9.28 - Cutri et al. 2003
2010.5 326.0 0.9 9.33 0.15 Cutri et al. 2012
2015.0 326.899 - 9.377 - Knapp and Nanson 2018

2016.0 327.0363 0.0002  9.38593 3e-05 Gaia Collaboration et al. 2021
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Figure C.1: Reduced images for the systems without companion detection. Each system was reduced using
the method indicated. White circles in TYC 5480-589-1 and TYC 1262-1500-1 mark speckles that aren’t
candidate signals. See the text for details for each system.
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Figure C.2: Contrast curves for non-detections. The colored regions mark the 1-, 2-, 3-, and 5-¢ limits as
a function of separation for each system and reduction method given. Separation is given in both A/D units
(bottom) and milliarcseconds (top); contrasts are given in flux contrast units. The black line gives the 1-o
noise floor for each observation. The classical ADI reduction got lower limits for TYC 5512-916-1 than
KLIP ADI. Contrast curves were computed using the method described in Section 6.3.2
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Figure C.3: Completeness maps for non-detections. See text for details. a: TYC 5518-135-1, b: TYC
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Figure C.4: Fit results for PupS-cc2 to Phoenix models. Top left: x? surface for models in the (T,
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error bars show models within the uncertainty on that x? value. Top right: x? surface for models in the
(Tegr, log(g)) space with M/H fixed at -4.0. Both log(g) and M/H are not constrained by our photometry.
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teal. Bottom right: Violin plots for each model showing the distribution of x? values for the model from our
bootstrap simulation with M/H = -3.5, log(g) = 0.
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Figure C.7: Model fit results for PupS-cc5. See caption of Figure 6.4 for plot explanation.
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