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The demographics and atmospheric properties of giant exoplanets reveal key insights into
the formation and evolution of planetary systems. The occurrence rate of giant planets is known
to correlate with both orbital semimajor axis and host star mass, however the exterior regions (be-
yond 10 au) around the lowest-mass stars (M dwarfs) have remained chronically under-investigated.
In addition, giant planets form at high temperatures and cool gradually, which results in signifi-
cant atmospheric changes over million-year timescales. Observations of giant planets at a range
of planet ages are thus needed to constrain models of their atmospheric evolution. This thesis
approaches such observational challenges with the direct imaging technique, which simultane-
ously provides sensitivity to wide-orbit giant planets and allows the direct characterization of
atmospheric properties.

First, I completed the data reduction and analysis of a JWST NIRCam survey of nine



nearby, young M dwarf stars to search for planetary-mass companions (JWST GTO 1184, PI
Schlieder). This study achieved unprecedented mass sensitivity for wide-orbit giant planets, and
placed the first occurrence rate constraints on sub-Jupiter-mass exoplanets beyond 10 au around
M dwarfs to be < 0.10 and < 0.16 objects per star with 1- and 3-0 confidence respectively.
Additionally, we identified a marginally significant exoplanet candidate near the target 2M J0944.

Second, I led a follow-up observation campaign to attempt the confirmation of the planet
candidate near 2M J0944 (JWST GO 3840, PI Bogat). We executed a similar observing strategy
as in GTO 1184 with an increased exposure time, however this resulted in a non-detection and
thus the dismissal of that source as a possible exoplanet. We did however redetect two extended
sources which we show via astrometric and photometric analysis to be background galaxies,
highlighting the unparalleled flux sensitivity of JWST NIRCam.

Finally, I explored the feasibility of observing mature (age > 1 Gyr) giant planets in re-
flected, visible light with the soon-to-launch Roman Coronagraph. I performed modeling of
confirmed planets discovered by the radial velocity technique, quantified the probability of suc-
cessful detection with the Roman Coronagraph during the first 18 months of its primary mission,
and identified the planet upsilon Andromedae d as the best target for the first reflected light ob-
servation of an exoplanet.

This collection of work has leveraged emerging technology and observation strategies in
space-based direct imaging to enable new demographics constraints and to open novel discovery

space for benchmark giant exoplanets.
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Preface

The work presented in Chapter 2 has been published in the Astronomical Journal (AJ) as
“Probing the Outskirts of M Dwarf Planetary Systems with a Cycle 1 JWST NIRCam Coronag-
raphy Survey” as a first-author paper [1] and is presented here with minimal modification. I led
the data reduction, image analysis, and interpretation of the results; my collaborator Kellen Law-
son contributed atmospheric models; my collaborators Yiting Li and Michael Meyer contributed
population synthesis modeling for demographics analyses; and my advisor Joshua Schlieder pro-
vided the initial data, general guidance, and feedback on the manuscript.

The work in Chapter 3 is a complete paper manuscript that has been circulated to coauthors
and will be submitted shortly to AJ as a first author paper. The work conducted in this chapter
was enabled by the JWST General Observer (GO) program 3840 which I led as PI, with co-PI
Joshua Schlieder.

Chapter 4 contains analysis and results which were driven by mission requirements for
the Roman Space Telescope Coronagraph Instrument. This work was formally delivered to the
Roman Coronagraph Community Participation Program for integration into observation plans
on January 15, 2026. I co-developed the open-source software used for orbit propagation and
detection probability calculations with my collaborator Clarissa Do O (now hosted on GitHub'),
and received guidance on the mission priorities and analysis strategy from Vanessa Bailey and

Marie Ygouf. This work will be expanded into a paper manuscript for publication in AJ.

"https://github.com/clarissardoo/roman-planets-table
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Chapter 1: Introduction

1.1 Motivation and Outline

Great discoveries in astronomy have the tendency to render philosophical quandaries sud-
denly scientific. The first detection of planets outside our own Solar System was one such
discovery. In 1992, A. Wolszczan and D. Frail detected two planets orbiting the neutron star
PSR1257+12 [2], and shortly thereafter Michel Mayor and Didier Queloz discovered a planet
orbiting the Sun-like star 51 Pegasi [3]. These results launched the field of extra-solar planet
(a.k.a. exoplanet) astronomy, which has enabled the quantitative investigation of questions like:
How did our Solar System form? How unique is our world? And are we alone in the Universe?

While many theories of planetary system formation had been posited throughout the 20th
century [4-6], these were only founded on observations of a single outcome of the planet for-
mation process — our Solar System. The assumption that the inner region of a planetary system
should contain small terrestrial planets (like Mercury, Venus, Earth, and Mars) and the outer
region should host giant planets (like Jupiter, Saturn, Uranus, and Neptune) was immediately
challenged by Mayor and Queloz’s discovery of the planet 51 Pegasi b, a Jupiter-mass planet
which completed a full orbit of its host star every 4.2 days. Suddenly it was apparent that not
every planetary system was like ours, and that our theory of planetary formation must be able to

account for a wide diversity of possible planet types and planetary system architectures.
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Figure 1.1: Every confirmed exoplanet on the NASA Exoplanet Archive as of February 13th
2026 [7], with the x axis showing the orbital period in days and the y axis showing planet mass
(or mass times the sine of the orbital inclination in the case of planets discovered by radial ve-
locity measurements). The marker shape and color show the method by which each planet was
discovered, and the separate regions of parameter space probed by each method are clearly visi-
ble. The Solar System planets are shown by the magenta dotted circles.

Advances in observational techniques have exponentially increased the rate of exoplanet
detections in the last few decades, and at the time of writing over 6,000 confirmed exoplanets
have been cataloged by NASA IPAC Exoplanet Archive, as shown in Figure 1.1 [7]. With access
to so many unique instances of planetary formation, we can now complete population level de-
mographics studies and identify relationships between parameters such as planet mass, host star
mass, orbital period (the time required for a planet to complete one orbit), and host star metallic-
ity (the ratio of iron to hydrogen in the star compared to that of the Sun), which provide insight
into the planet formation process.

While many exoplaneteers are particularly interested in the formation and evolution of
potentially habitable, Earth-like worlds, it is critical to understand the environment in which

these worlds form. In our own Solar System, Jupiter is theorized to have had significant impacts



on the formation of the inner planets, sculpting the early structure of the disk from which the
planets formed, and influencing the delivery of water to Earth from the icy outer reaches of the
Solar System [8,9]. The Grand Tack model [10-12] and the Early Instability model [13] both
invoke the migration of Jupiter and Saturn to explain the current day architecture of the inner
Solar System. By extension, the observation of Jupiter-analog exoplanets provides context for
the inner-region planets we have already discovered and expands the population that we can
sample for hints about habitability and planet evolution throughout the galaxy.

Our current understanding of giant planets (GPs) has not deviated significantly from the
structural theories of Hubbard, which propose a solid core, large gas envelope, and molecular
atmosphere [14]. It is broadly understood that planets form from the disk of gas and dust which
surrounds a forming star, however, two competing theories exist to explain how giant planets in
particular can grow to their gargantuan masses before the gas portion of the disk is dissipated
by the star’s radiation [15]. In the core accretion (CA) model [16, 17], dust in the disk gradually
coalesces into pebbles and eventually into self-gravitating planetary cores called “planetesimals”.
These planetesimals can then exhibit runaway growth by gravitationally attracting nearby solid
material in the disk, and once they have reached several times the Earth’s mass, their gravity
is strong enough to attract a massive gas envelope. Due to the low density of material in outer
regions of the disk, simulations of CA struggle to form giant planets beyond a few au (the Earth-
Sun distance, a.k.a. “Astronomical Unit”) [18-21]. By contrast, the gravitational instability (GI)
model [22, 23] suggests that giant planets could form by the fracturing of the disk into dense
clumps which then undergo gravitational collapse. This model preferentially forms planets more
massive than Jupiter at separations beyond 30 au from the star, as the conditions required for

collapse are most readily achieved in the outer regions of the most massive disks [24]. Each of
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these formation mechanisms predicts different initial temperatures at the time of planet formation,
with CA resulting in much cooler temperatures than GI [25]. Over time, a planet will cool to
reach an equilibrium with the incident radiation from its host star, but within the first 100 Myr,
measurements of the planet’s luminosity can constrain its temperature and assist in distinguishing
the formation mechanism [26].

While it is nearly impossible to determine any mature (age = 1 Gyr) planet’s formation
mechanism definitively, studies of GP populations at the demographic level have provided sig-
nificant insight into the question. In general, ~ 20% of Sun-like stars host giant planets (defined
as planets with mass > 0.1 My,,) [27]. GP discoveries from transit surveys (where the periodic
passing of a planet in front of its host star produces a detectable dimming effect) and radial veloc-
ity surveys (RV, where the gravitational force of a planet on its host star causes the starlight to be
cyclically Doppler shifted) show that giant planets are comparatively rare interior to 1 au (~ 0.05
GPs per star), and become more common between 2-6 au (0.1-0.2 GPs per star) [27,28]. These
surveys have also revealed a trend in GP occurrence which scales with both host star mass and
metallicity. Microlensing studies (where a star-planet system magnifies the light of a background
star) similarly support the peak of GP occurrence in the 1-10 au region [29, 30]. Finally, the
outer reaches of planetary systems can be explored via the direct imaging (DI) method, where the
starlight and planet light are resolved and detected separately. DI surveys have historically only
been sensitive to planets more massive than ~ 5 Myy,, and shown their occurrence to be < 0.05
GPs per star beyond 10 au [31,32]. Due to this limitation, the occurrence of GPs less massive
than Jupiter (a.k.a. sub-Jupiters) beyond 10 au has remained largely unconstrained.

The peak of GP occurrence near 1-10 au may be explained physically by the presence of
the water “ice line” at ~ 3 au for Sun-like stars, where the disk temperature falls low enough

4



for water to condense into solid materials and contribute to planetesimal formation in the CA
scenario [33,34]. The increase in GP occurrence with host star mass and with host star metallicity
also suggest formation by CA, as these characteristics are understood to correspond to the budget
of solid material in the circumstellar disk from which to build planet cores [27,35,36]. The GPs
which have been detected by direct imaging, however, are largely assumed to have formed by
GI due to their high masses and wide separations [18-21,24]. The lack of detection sensitivity
to wide-orbit sub-Jupiters thus invites the question: do these planets exist? And if so, do they
represent the low-mass tail of planet formation by gravitational instability or the wide-orbit tail
of formation by core accretion?

The planetary systems surrounding M dwarf stars (defined as having a mass less than or
equal to 0.6 times the solar mass, M) draw particular interest from the exoplanet community. M
dwarfs account for ~ 70% of the stars in the Galaxy [37], and thus host the majority of planetary
systems in the universe. They also provide favorable conditions for planet detection compared to
Sun-like stars as, for a given planet, RV and microlensing signals are amplified by a lower host
star mass, transit signals are amplified by a lower stellar radius, and direct imaging is made easier
by a lower stellar luminosity (as detailed in § 1.2.1). Transit and RV surveys of the inner regions
of M dwarf planetary systems show that M dwarf disks tend to generate more planets with lower
masses, while Sun-like planetary systems contain fewer but more massive planets [38,39,39-44].
However, these results are generally limited to the inner 10 au of the planetary systems.

Extrapolations of the empirical RV planet occurrence rates performed by Fernandes et
al. (2019) [28] have predicted the occurrence of giant planets (mass > 0.1Mj,,) between 1 and
100 au to be ~ 30%, which is increased significantly compared to the occurrence of super-Jupiters

(mass > 1Mj,,) being 6% for the same separation region. This is supported by the Fulton et

5



al. (2021) prediction of GP occurrence between 0.3 — 30 au to be 34%. While these estimates are
expected to be dependent on host star mass, they do imply together that sub-Jupiters (0.1 —1Mjy,,)
should be more common than super-Jupiters, and that observations sensitive to wide-orbit sub-
Jupiters should result in a higher detection yield than those only sensitive to super-Jupiters. Fur-
thermore, microlensing surveys suggest that wide-orbit sub-Jupiters around M dwarfs may in fact
be common, with a possible peak in the mass distribution between 0.03 and 0.13 My, beyond the
snow line [30].

The results outlined above demonstrate a clear need for the exploration of wide-orbit giant
planets at a range of system ages and host star masses, and with sensitivity to planets below
the mass of Jupiter. Such observations can be achieved with the direct imaging method, which
provides access to GPs beyond 10 au. The remainder of this chapter will provide an introduction
to the theory and practice of direct imaging (§ 1.2), as well as a summary of the work completed

in this thesis (§ 1.3).

1.2 Directly Imaging Exoplanets

The overwhelming majority of planet discoveries has been through the indirect techniques
of transit photometry and radial velocity (RV), most sensitive to the innermost regions of plan-
etary systems, as shown in Figure 1.1 [7]. More widely separated exoplanets have both a lower
probability of transit and a reduced gravitational impact on the host star, vastly decreasing ob-
servational completeness in these kinds of surveys [45,46]. The sensitivity of the absolute stel-
lar astrometry technique actually improves with planet-star separation, however confirmation of

candidate signals requires extremely long temporal baselines (on the order of decades) to span



the full orbital period [47]. Microlensing is also sensitive to wide-orbit giant planets, however
these events are intrinsically rare and the large distances to typical microlensing systems render
follow-up characterization extremely challenging [48]. Direct imaging, that is resolving the flux
from the planet separately from the starlight, may then be the best avenue to detect, confirm, and
characterize new exoplanets in the exterior regions of their planetary systems.

DI methods have already been proven effective on the ground with instruments like the
Gemini Planet Imager (GPI), and in space with the Hubble Space Telescope and the James Webb
Space Telescope (JWST) NIRCam and MIRI instruments [49-51]. Furthermore, confirmation of
a candidate planet does not require the full orbital period to be observed. As DI targets are very
nearby, they typically exhibit significant proper motion; thus, within a few months a companion
candidate which is in fact an unbound or background object will appear be “left behind” in the
sky while a bound object can be observed to be traveling with the host star [52]. The final dis-
tinguishing characteristic of the direct imaging technique is its sensitivity to young systems. Due
to their intrinsic thermal emission from gravitational contraction, younger planets are actually
easier to detect directly compared to their older, cooler counterparts [53]. By contrast, young
planets are more difficult to detect via transits and RV due to the increased variability of young
host stars [54,55]. The unique access to newly formed planets via direct imaging provides in-
sights into early planetary system architecture, planet migration and formation pathways, and the

thermal evolution of giant exoplanets.



1.2.1 DI Theory

The two main characteristics which make direct imaging (DI) so challenging are the angu-
lar planet-star separation (how far apart the planet and star are on the sky) and the planet-star flux
contrast (how much fainter the planet is compared to the star). To determine the rough require-
ments for directly imaging an exoplanet, let us consider the following example case: a young
(100 Myr) Jupiter-analog exoplanet orbiting 10 au from a solar-type star, observed at infrared
(IR) wavelengths.

The angular resolution required to detect a star and exoplanet separately is found simply
by geometry:

Oep = g x 2062657 (1.1)

where r is the physical distance between the star and planet projected onto the plane of the sky, d
is the distance to the system, and s, is measured in arcseconds. Therefore to resolve the young
Jupiter analog, we need an angular resolution of approximately 1.0”. Then we can use Lord

Rayleigh’s criterion for angular resolution:

Oimic = — X 1.227 (1.2)

to determine that a primary mirror only 1 meter in diameter is required to resolve the young
Jupiter analog at a wavelength of 4 microns in the diffraction-limited case.

We can then calculate a young planet’s luminosity by using the Stefan-Boltzmann law:

Ly, = 4w Ry 0Ty (1.3)



where o is the Stefan-Boltzmann constant and 7 is the effective temperature such that

Tey = T + Toy (1.4)

Here, Ty is the temperature due to the interior heat of the planet, and T, is the equilibrium
temperature induced by the irradiance from the host star [56]. Given the fact that the temperatures
in the above equation are raised to the fourth power, we can see that even a small difference
between 7;,, and 7.y will cause one heat source to completely dominate the other.

For a planet whose temperature (and thus luminosity) is dominated by stellar heating, L,
can be estimated by assuming that the planet reflects some fraction of the starlight incident upon it
(described numerically by the bond albedo) and then absorbs and re-radiates the rest isotropically
as a blackbody. This gives us a planet luminosity at a particular wavelength of

R? I
«(A) x (1 = Ag(N)) (1.5)
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where R, is the planet radius, 7, is the physical distance from the planet to the star, and L«(\)
and Ag()\) are the stellar luminosity and planetary bond albedo respectively at the given wave-
length. Substituting the luminosity using Equation 1.3, we can rearrange to find the equilibrium

temperature:

B 1/4
Toy = (M) . (1.6)
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Assuming an IR bond albedo for Jupiter of 0.343 [57] the estimated equilibrium temperature of
our Jupiter analog at 10 au is 79 K.

For a planet whose temperature is dominated by its internal heat, predictions of Tj, are
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Figure 1.2: Cooling curves from Linder et al. 2019 [58] Fig. 9 showing a dependence on post-
formation temperature. The intrinsic luminosity of sub-Jupiter exoplanets with different masses
and arbitrary initial temperatures is shown as a function of time elapsed since formation. As
different formation theories (gravitational instability vs. core accretion) predict different initial
temperatures, the independent measurement of a planet’s mass, age, and luminosity can poten-
tially reveal its formation mechanism [26].

highly model dependent. In general, planets have a high temperature at formation, from the con-
version of gravitational potential energy into heat, and then they cool over time, as shown by
the Linder et al. models in Figure 1.2 [58]. However, the exact temperature and cooling rate
depends on planet mass, age, formation mechanism, interior structure, and atmospheric compo-
sition, among other factors. TMORBIhese parameters are extremely challenging to constrain a
priori, but measurements of exoplanet luminosities via direct imaging, coupled with measure-
ments of the mass and radius from other methods, can potentially allow us to distinguish between
the competing formation mechanism theories of direct gravitational collapse (a.k.a. “hot start”)
and core accretion (a.k.a. “cold start”), which can cause the planet luminosities at the end of
accretion and the beginning of cooling to differ by as much as a factor of 100 [26, 59]. For the
case of a Jupiter-mass planet with an age of 100 Myr, the Linder et al. cooling curves predict
that 7, ~ 400K, which dominates significantly over the equilibrium temperature of 79 K found

above.
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The flux contrast is then found by a simple ratio: the planet flux from internal heat divided
by the host star’s flux. Using a simple blackbody model for a G2V star (1" ~ 5800 K), and
the nominal cooling model in Figure 1.2 for a young Jupiter (7}, ~ 400 K), we find that its flux
contrast at 4 microns is on the order of 10~° at an age of 100 Myr [58]. We note here that the same
planet orbiting an M dwarf star with 7" ~ 3000 K would result in a much shallower flux contrast
requirement of ~ 107, due to the steep temperature dependence on the total stellar luminosity.

Predicting flux contrasts for observations in visible wavelengths is more complicated as the
flux is dominated by starlight reflected by the planet, rather than by the planet’s thermal emission.
In this case, the planet’s brightness depends not only on the albedo, but also on the portion of the
planet’s illuminated face which is visible from the perspective of the observer which changes
over the course of its orbit. We can quantify how much of the illuminated face of the planet is

visible using the observer-star-planet angle, a.k.a. phase angle:
a = cos™ ! (@> , (L.7)

where 7 is the physical distance between the planet and star projected onto the plane of the sky,
and we have used the approximation that the observer-star distance is much greater than the
planet-star distance. By this definition, a phase angle of 0° corresponds to the planet appearing
directly behind the star and thus being fully illuminated, and a phase angle of 180° corresponds
to the planet appearing directly between the star and the observer such that only the dark side is

visible. The flux ratio is then given by

% _ (—>2Ag()\)<1>(a(t),A). (1.8)



Here, A, is the geometric albedo as a function of wavelength A, which describes the observed
brightness of a celestial body at a phase of 0° compared to an idealized sphere which scatters
all incident light such that the reflected intensity depends only on the observer angle rather than
the angle of incidence (a.k.a a Lambertian surface). The term & in the above equation is then
the scattering law (a.k.a “phase curve”) which describes variation of planet flux as a function
of phase, normalized such that ®(0°) = 1 and ®(180°) = 0. While the exact form of a phase
curve depends on the microphysical scattering properties of the planet’s atmosphere, a common
approximation is a Lambertian phase curve [60], which assumes the planet’s atmosphere acts as

a Lambertian surface and is given by

(I)<Oé):sinoz+(7r—oz)cosoz. (1.9)

™

Assuming the geometric albedo of Jupiter in visible light to be 0.538, we can estimate
the flux ratio of a Jupiter-radius planet 10 au from a Sun-like star to be ~ 1.2 x 107 at full
phase, increasing the difficulty of the detection by about three orders of magnitude compared to
IR observations of thermal emission. However, at full phase, the planet would be directly behind
the star and thus unobservable, making even this extreme contrast only a lower limit. As the
equation for the flux ratio in reflected light does not depend directly on the host star luminosity
as in the IR case, observing an intrinsically dimmer host star does not reduce the contrast in this
case. However, the contrast in reflected light does depend on the physical distance between the
planet and star, thus a true Jupiter analog (with semimajor axis 5.2 au) would have a flux contrast
at full phase of ~ 4.5 x 107, In short, direct observations of giant exoplanets in visible, reflected

light will be extremely challenging to execute as compared to young exoplanets in thermal IR
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1.2.2 DI In Practice
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Figure 1.3: Schematic of the apodized-pupil Lyot Coronagraph hosted on the Gemini Planet
Imager, adapted from Fig. 1 of [61] and Figs 2 and 3 of [62]. The red lines indicate the optical
path as light propagates from left to right. At plane A, an entrance pupil restricts the incoming
light to a particular field of view (FOV), and an apodizer suppresses light diffraction around the
hard edges of the entrance pupil. At plane B, the light is focused and a coronagraph mask blocks
light at the very center of the FOV. At plane C, the light is defocused and the Lyot stop suppresses
light diffracted by the coronagraph mask. At plane D, the light is focused onto the detector, and
approximately 99% of the starlight has been suppressed.

To image objects with such high flux contrast and low angular separation, a significant
portion of the light originating from the host star must be blocked or otherwise diverted away from
the detector. This can be achieved in large part with a Lyot coronagraph, originally developed to
study the corona of the Sun [63]. The optical path of the instrument (shown by the schematic in
Figure 1.3) is comprised first of the entrance pupil, i.e. the opening through which light enters
the instrument, which shows the “shadow” of the secondary mirror and support struts. Then
an occulting mask in the focal plane suppresses light originating from the center of the field of

view (FOV), and a specialized “Lyot stop” in the pupil plane suppresses excess starlight that
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has diffracted around the occulting mask. The classical Lyot coronagraph design is capable of
suppressing all but 1.5% of the starlight, at the cost of also suppressing any planet signal that
happens to be too near the center of the FOV. This central region is described by the “inner
working angle” (IWA), and is defined as the angle from the center of the coronagraph mask
within which 50% or less of the incident light is transmitted. Conversely, the “outer working
angle” (OWA) describes the widest angle accessible in the FOV. Since the introduction of the Lyot
coronagraph, many modifications have been made to improve the starlight suppression capability.
In the case of the Gemini Planet Imager, an apodized-pupil Lyot Coronagraph is used, in which
an apodizing mask (whose transmission varies smoothly over the surface) in the entrance pupil
plane helps to suppress the diffraction of light around the pupil edges, shown in plane A of
Figure 1.3 [62]. Efforts to stabilize the incoming wavefront of the light have also been employed
to increase contrast sensitivity. For example, the W. M. Keck Observatory Adaptive Optics (AO)
system employs wavefront sensors and deformable mirrors to counteract the wavefront distortions
induced by the Earth’s atmosphere [64].

Even with the vast majority of incident starlight removed by optical elements, astrophysical
sources near the star (a.k.a. off-axis sources) may still be much fainter than the residual starlight
that reaches the detector. To address this, a variety of post-processing techniques are employed to
separate the flux from off-axis sources from the stellar flux. The simplest is angular differential
imaging (ADI, illustrated in Figure 1.4), which makes use of the fact that the orientation of the
stellar point-spread function (PSF) is fixed with the orientation of the telescope while astrophys-
ical sources are fixed in the sky. Thus if a system is imaged at two or more different roll angles,
the stellar PSF can be measured and removed from the image. However, PSF subtraction via
ADI can also result in “self-subtraction,” where some of the signal from off-axis sources is also
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Figure 1.4: Schematic of the Angular Differential Imaging (ADI) method for stellar PSF sub-
traction in direct imaging, adapted from C. Thalman. First, we image the target system at n roll
angles (A;), where n is at least two. Without de-rotating the images, we find the median of the
images A; to measure the stellar PSF (B) and suppress any off-axis signals by a factor of 1/n.
Then, we subtract the stellar PSF from each image (C};), derotate them all (D;), and take the me-
dian of those images to isolate the planet signal (£) [65].

removed, especially at small separations from the target star and when the roll angle difference is
small.

The second technique relevant to this work is reference differential imaging (RDI, illus-
trated in Figure 1.5), which uses a reference star to measure the stellar PSF and then subtract
it from the science observation [66—68]. Because the stellar PSF is wavelength dependent, it
is critical to use a reference star with a spectral type as similar as possible to the science star.
It is also possible for artifacts to be introduced to the observation if the reference star has any
off-axis sources in its FOV, which may not be possible to verify before observing. To mitigate
the effects of spectral differences and potential contaminating off-axis sources, as well the sup-
pression degrading effects of imperfect alignment of the coronagraph mask over the target star,
it is possible to observe multiple reference stars and construct a model stellar PSF to subtract

from the science observation. This can be achieved with the Karhunen-Loeve Image Projection
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Figure 1.5: Schematic of Reference Differential Imaging (RDI) for PSF subtraction adapted from
C. Thalmann. Here, the target system is imaged only once, and a reference system with a star of
similar spectral type and no nearby bright object is imaged to measure the PSF. Then the reference
PSF is scaled and subtracted from the image to reveal the companion signal. In practice, multiple
reference observations may be collected, and an optimal PSF model can be constructed using
principal component analysis with Karhunen-Loeve eigenimages [66—68].

(KLIP, [67]) algorithm, which uses a Karhunen-Loeve transform of the reference observations to
build an orthogonal basis of eigenimages that are then fit to the science observation. This can
still result in off-axis artifacts and over- or under-subtraction in localized regions of the science
FOV, but it does reduce the error in the recovered astrometry and photometry of faint signals
as compared to the competing Locally Optimized Combination of Images (LOCI) algorithm for
PSF subtraction [69].

The sensitivity of high-contrast a observation is typically described by the “5o contrast
curve.” This metric represents the faintest signal that can be detected with a confidence of 5o as
a function of separation from the target star, in units of flux contrast. Many, many contrast curves
will be shown throughout this thesis work. Due to the complex data reduction processes described
above, contrast curves are typically computed by the injection-recovery technique. This involves
“injecting” synthetic planet signals into the data before PSF subtraction, then performing PSF
subtraction, and finally assessing the final signal-to-noise ratio (SNR) of the injected planets to
determine the lowest planet flux which can be recovered with 5o confidence. Contrast curves
typically reveal a steep slope near the IWA due to residual starlight speckles as well as flux

attenuation by the coronagraph, which is referred to as the speckle-limited regime. The curves
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tend to flatten out towards the edge of the FOV as background noise becomes the dominant factor,
in what is called the background-limited regime. An example contrast curve can be seen in the

discussion of early JWST results in the below section.

1.2.2.1 JWST NIRCam Coronagraphy

The James Webb Space Telescope (JWST) is a space-based observatory located at the sec-
ond Sun-Earth Lagrange point (L2), and is designed for deep studies of the infrared universe.
With a 6.5 meter diameter primary mirror, active wavefront sensing, and coronagraph capability
with a sub-arcsecond inner working angle, it is a significant advance in absolute flux sensitivity
as well as contrast sensitivity for the purpose of directly imaging young, self-luminous exoplan-
ets [70].

The JWST Near InfraRed Camera (NIRCam) instrument is a dedicated imager designed to
operate from 2-5 microns, and is equipped with a wide variety of wavelength filters and corona-
graphic masks. The widest bandpasses are the most useful for the discovery of faint objects, as
they maximize the number of detected photons during a given exposure.

NIRCam’s detectors operate using a nondestructive “up-the-ramp” photon counting tech-
nique, illustrated in Figure 1.6. The detector records the saturation level of each pixel over a
series of “frames” in a “group” spaced evenly in time without clearing the pixels until the end of
an‘“‘integration,” which is composed of a specified number of groups. This allows the observer
to fine tune the overall readout method to optimize total data volume and dynamic flux range,
as well as to reject individual groups in the event of cosmic ray (CR) hits or other anomalies.

Finally, a given “exposure” is composed of a series of integrations, so that photon flux can be
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measured over long exposures without over-saturating the pixels. JWST users have the choice
of several pre-defined readout patterns which specify the number of frames per group, as well as
the number of groups per integration and the number of integrations per exposure. Each of these
parameters affect total exposure time, noise level, and risk of pixel over-saturation for a given

target [71].

JWST Up-the-ramp Readout

Reset
Frame dropped

Frame data

—

First integration Second integration

A
Y

Exposure
Figure 1.6: A schematic of the JWST up-the-ramp” detector readout method. Each reading
of the detector is one “frame,” and the user-selected readout pattern ("RAPID,” "MEDIUMS,”
"DEEP2,” etc.) determines the number of frames in a group, the number of frames within each
group that are averaged before downlinking, and the number of frames dropped at the end of each
group. The user can then also select the number of groups in an integration before the detector

is reset to prevent pixel saturation, and the number of integrations in an exposure to reach the
desired total exposure time [71].

NIRCam’s coronagraphic modes include three round masks and two bar-shaped masks,
each with nominal operating wavelength ranges and inner working angles, and which can be
paired with a range of wavelength filters. In general, the coronagraph masks suited for longer

operating wavelengths have wider inner working angles, so there is a trade-off between the mass

sensitivity to young exoplanets in the final images and angular resolution of each coronagraph.
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Figure 1.7: Results for the NIRCam coronagraphic observations of HIP 65426b in the F444W
filter performed by the JWST Early Release Science team [50]. The 5o contrast curves are
displayed in the left panel, where the black lines show the sensitivity using ADI (dotted lines),
RDI (dashed lines), and ADI+RDI (solid lines). Predicted contrast sensitivity from PanCAKE
simulations [72] are shown in light blue, and the effective inner working angle (IWA) is shown
as a dashed red line. The right panel shows PSF-subtracted data using ADI+RDI, demonstrating
a clear detection of HIP 65426 b.

NIRCam coronagraphy has been exercised both in the commissioning and Early Release
Science phases of JWST’s operation. During commissioning NIRCam successfully observed
HD 114174 B, a white dwarf companion to the G5IV-V star HD 114174 A with a flux contrast
of 10~* and angular separation of 0.5”. This observation surpassed the required flux contrast
sensitivity within 1” and additionally achieved a background limited flux sensitivity of 5 x 10~7
at separations greater than 2” [73]. The NIRCam Early Release Science team then completed the
first successful direct observation of an exoplanet with JWST: the 14 Myr old super-Jupiter HIP
65426 b with a flux contrast of 4 x 10~ and separation of 1” from its A2V class host star, shown
in Figure 1.7. These observations confirmed that JWST NIRCam’s coronagraphic modes exceed
the predicted performance capability by up to a factor of 10 in flux contrast sensitivity [SO] and

that JWST would become the premier observatory for the study of young giant exoplanets.
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1.2.2.2 The Roman Coronagraph Instrument

NASA'’s next flagship mission is the Nancy Grace Roman Space Telescope (Roman), with
a 2.4 meter primary mirror and an expected launch to L2 in late 2026. While the Wide Field
Instrument (WFI) is Roman’s only full science instrument, its Coronagraph Instrument will act as
a technology demonstration and will carry major upgrades in space-based high-contrast imaging
capability. In order to meet its requirement to achieve a flux contrast sensitivity of 10~ within
planet-star separations of 0.5”, the Roman Coronagraph will employ several new technologies
and operating strategies [74]. Most notably, it will demonstrate active wavefront sensing with
deformable mirrors in space for the first time. The use of deformable mirrors on the ground
has become standard practice in “adaptive optics” (AO), where perturbations to the wavefront of
incoming light due to turbulence in the Earth’s atmosphere are counteracted by fast acting sensors
and optical elements [75]. While operation in space means there is no atmosphere to perturb
the wavefront and thus blur the PSF, the same technologies can be used to divert additional
starlight not suppressed by the coronagraph away from the detectors. This process is referred
to as “digging the dark hole,” and is the key to achieving the 100- to 1000-fold improvement in
contrast sensitivity expected by the Roman Coronagraph, as compared to current state-of-the-art
high-contrast imaging facilities (see Figure 1.8).

As a technology demonstration instrument, the Roman Coronagraph has only one fully
supported observing mode: a Hybrid Lyot Coronagraph (HLC) operating in Band 1 (575 nm) with
an IWA and OWA of 3 \/D (~ 150") and 9 A/ D (~ 450”) respectively. The central wavelength
of Band 1 corresponds to visible yellow light, meaning that this instrument will be operating in

a fundamentally different wavelength regime compared to the IR bands used by JWST NIRCam.
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Figure 1.8: Expected contrast sensitivity of the Roman Coronagraph, shown in the bold lines
for Band 1 in blue, Band 3 in yellow, and Band 4 in orange, assuming optimistic instrument
performance. For comparison, the sensitivity extant high-contrast imaging instruments are shown
in the blue lines for wavelengths less than 650 nm and in the red lines for wavelengths greater than
1 micron. Exoplanets and brown dwarfs which have been imaged previously are shown with their
measured IR contrast in the red squares and predicted contrast at 750 nm in the yellow diamonds.
The predicted reflected light flux contrast at quadrature of planets which were considered to be
the best targets for reflected light imaging as of 2023 are shown by the gray triangles, and the flux
contrast of a Jupiter and Earth analog at quadrature 10 pc away are shown in teal. Figure adapted
from Bailey et al. (2023) [76].

As current optimistic performance estimates for the Roman Coronagraph in Band 1 predict a
contrast sensitivity on the order of a few x10~?, giant planets orbiting within ~ 5 au of their
host stars could be detected in visible reflected light for the first time (see § 1.2.1). If the Band
1 observations are timely and successful, we may also be able to exercise several “best-effort”
observing modes, including spectroscopic capabilities in Band 3 (from 669-791 nm, visible red)
and wide FOV (6-20 A/ D) observations in Band 4 (825 nm, deep red/NIR).

Each Roman Coronagraph observing mode would provide critical tools for the charac-

terization of both self-luminous objects at visible wavelengths and mature planets in visible,
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reflected light. In particular, observations of reflected light planets at multiple orbital phases
would allow the characterization of the phase curve and potentially distinguish between Lam-
bertian, isotropic, and other scattering functions [77]. These detections would also improve our
knowledge of the planets’ orbits, enabling planet mass measurements which are independent of
atmospheric models [78,79]. Spectroscopic observations, which are expected to be sensitive to
methane absorption, would provide insight into the atmospheric composition of giant planets,
providing constraints on cloud properties and formation mechanisms [80].

In addition to the science gained from the photometric and spectroscopic characterization
of giant exoplanets, the Roman Coronagraph will be a major step towards the future Habitable
Worlds Observatory (HWO) [81]. The driving goal of the HWO is to image an Earth-like planet
orbiting a Sun-like star, which will require a flux contrast sensitivity on the order of 1071° to
10~ within 0.3”. It is expected to target nearby systems, some of which host planets confirmed
by indirect detection methods (namely RV and astrometry), and will need to be able to propagate
uncertainties in the planet’s orbital configuration and atmospheric composition to predict the lo-
cation and brightness of a given planet over time and plant its observations [82]. With sensitivity
to exoplanets in reflected light for the first time, the Roman Coronagraph will provide the oppor-
tunity to test the complex observation scheduling processes which will be critical to the success

of the HWO mission.

1.3 This Work

The theme of work undertaken in this thesis is to advance our understanding of the demo-

graphics of giant planets and to enable novel discovery space via direct imaging with emerging
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space-based coronagraphic techniques. In the following chapters I will address two open ques-
tions within this topic: What are the demographics of wide-orbit sub-Jupiters around low mass
stars? And how can we plan direct observations of mature giant planets in reflected light based
on indirect measurements?

I approached the first question by leading the data reduction and analysis of a JWST NIR-
Cam survey of nine nearby, young M dwarf stars to search for planetary-mass companions, as
detailed in Chapter 2 and published in The Astronomical Journal [1]. In this survey, we placed the
first occurrence rate constraints on sub-Jupiter-mass exoplanets beyond 10 au around M dwarfs
and identified a marginally significant exoplanet candidate near one of the targets. I then led
a follow-up observation campaign to re-observe the candidate with the same JWST observing
mode, which resulted in the dismissal of that source as a possible exoplanet. These observations
are detailed in Chapter 3 and soon to be submitted to The Astronomical Journal.

To address the second question, I performed modeling of confirmed planets discovered
by the radial velocity technique and quantified the probability of successful detection with the
Roman Coronagraph during the first 18 months of its primary mission. This work, described
in Chapter 4, has been formally delivered to the Roman Coronagraph observation planning team
leads to support the prioritization of targets for the first reflected light observation of an exoplanet.

In Chapter 5 of this thesis, I conclude with a summary of the completed work, a description
of additional collaboration and software development that I have contributed to the direct imaging

community, and a statement of my intended future research.
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Chapter 2: Probing the Outskirts of M Dwarf Planetary Systems with a Cycle

1 JWST NIRCam Coronagraphy Survey

2.1 Introduction

The population distribution of exoplanet masses, radii, and semi-major axes provides crit-
ical insight into the phenomena that govern planet formation and evolution, including those of
our own planet and its neighbors. However, the overwhelming majority of planet discoveries
have been through the techniques of transit photometry and radial velocity, most sensitive to the
inner (< 1 AU) regions of planetary systems [7,45,46]. Gravitational microlensing observations
in dense star fields toward the Milky Way bulge provide access to exoplanets at intermediate to
wide separations (0.5 - 10 AU) [83], but the nature of the measurement does not allow direct
detection and deep characterization of individual planets.

Using the technique of direct imaging with coronagraphy, light originating from the planet
can be separated from the starlight, and the sensitivity to exoplanets actually improves with in-
creased planet-star separation. This is achieved by suppressing the starlight with a series of phys-
ical masks in the instrument’s optical path, in combination with specific observational approaches
and image post-processing techniques. Such detections provide access to direct information about

the planet’s thermal and atmospheric properties. As new and more capable observatories with di-
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rect imaging instruments come online, we gain access to widely separated exoplanets in new
parts of parameter space (temperature, mass, age, etc.), providing context for the inner planets
we have already discovered in large numbers, and enabling further insights into planet formation,
evolution, and habitability throughout the galaxy.

In addition, the observation of young systems (<1 Gyr) allows us to link our knowledge of
mature planets and disks with their formation and early history [26, 32, 84]. Theoretical models
generally predict that planets form either by core accretion [17] or by direct gravitational col-
lapse [22], and then cool over time until they reach thermal equilibrium with the radiation from
the host star and with heat generated by gravitational contraction [85]. A planet’s early tem-
perature evolution (<100 Myr) is highly dependent on its formation mechanism [86], so direct
measurements of the temperature (via direct imaging), mass (via combining with RV or stel-
lar astrometry), and age (via host star or planet properties) are critical for constraining current
models [87].

M dwarfs (< 0.6 Mg, Teg < 4000 K) are the most common outcome of star formation, by
number comprising ~ 70% of the Milky Way’s stellar content [37,88]. Statistics from Kepler led
to the surprising revelation that M dwarfs host Earth to Neptune-sized planets in great numbers
at small physical separations (<0.5 AU) [89,90]. Results from RV surveys support these planet
demographics at small separations [44,91], but they also reveal longer-term periodic signals or
trends in a few stars, consistent with ~1 My,, planets at 1-5 AU and a steeper planet mass-
function than higher-mass stars [92,93].

Gravitational microlensing surveys have revealed a significant population of Neptune to

Jupiter mass planets on ~0.5-10 AU orbits [94, 95], with the majority of the host stars in the M
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dwarf mass regime'. The estimated occurrence rates of these planets are also consistent with
a steep mass-function where Jovian planets are relatively rare and ice giants are more com-
mon [30,96-99]. Recent results suggest a double gaussian distribution in the planet-star mass
ratio of microlensing planets, with peaks located at 7.4 and 770 ggam, Where gga 1S the Earth-
Sun mass ratio, and the latter mass ratio peak would correspond to roughly a Saturn mass for
a host star mass of 0.5 My, [100]. The inferred population of M dwarf ice-giants is supported
by disk theory, which predicts a pile-up of both icy solids and gas in the vicinity of the subli-
mation radii of volatile species (H,O, CO, N, etc.) thereby providing a favorable environment
for planet formation via core-accretion processes [101]. Further evidence has been provided by
high-resolution imaging of the transitional disk of the low-mass star TW Hya that reveals a gap,
a dust/gas ring, and CO tracer species at the predicted ice-line separations [102]. In low-mass M
dwarf disks, analytical approximations place the primordial CO ice-line at a few 10’s of AU [103]
and the ice-lines of other volatile species further out.

Due to high sky backgrounds, ground-based thermal imaging observations of young M
dwarfs are only sensitive to planets with masses 2 1 My, at separations 2> 10 AU and reveal their
occurrence to be 2.31“(2):?% (for masses 2-14 My, and separations 8-400 AU [104]). Long term
astrometric observations with VLTI/GRAVITY have shown sensitivity to Neptune-mass planets
within 5 AU of M stars [105], and in the near future, long-baseline high precision astrometric
orbits from Gaia are expected to identify thousands of giant exoplanets orbiting M dwarfs [106].
Recent results from Gaia DR3 are already yielding promising planetary mass candidates, and

providing astrometric measurements of some known M dwarf giants [107-109]. However, the

1173/235, or 74% of microlensing planet hosts have masses < 0.6 My (NASA Exoplanet Archive, queried
February 22, 2025)
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population of sub-Jupiter mass companions orbiting M dwarfs at wide separation (=10 AU)
remains unconstrained and we lack a complete picture of M dwarf planet demographics. On
the other hand, the relatively high predicted occurrence rates result in a population of low-mass
planets that are both scientifically valuable and potentially detectable using more sensitive direct
imaging capabilities.

In addition to their scientifically interesting planet populations, M dwarf stars are ideal
candidates for direct imaging surveys for two intrinsic reasons. First, they are the most abundant
and long-lived stars in the universe and therefore provide the largest population of nearby target
stars for imaging. Second, their low intrinsic brightness results in more favorable star to planet
contrasts for the direct imaging of companions with a given mass [53, 110, 111]. The amount of
residual starlight not suppressed by the coronagraph is proportional to the apparent brightness of
the star, therefore fainter host stars allow fainter (and thus lower mass) planets to be observed.
However, as M dwarfs are often too faint to effectively drive ground-based adaptive optics sys-
tems, the outskirts of these systems are among the least observed from the ground, resulting in
significant uncertainty in exoplanet population statistics and planetary formation models [29,32].

Having identified the ideal target stars for an exoplanet direct-imaging survey, we now
consider the ideal instrument. The Near InfraRed Camera (NIRCam) [70] on the JWST [112]
was predicted to demonstrate a major improvement in exoplanet direct imaging sensitivity [53,
111, 113], especially in the 3-5 yum wavelength range where the intrinsic thermal emission of
young planets is significant [58, 114]. NIRCam’s coronographic mode was exercised both in the
commissioning and Early Release Science (ERS) phases of JWST operation to understand the
key capabilities. During commissioning, NIRCam successfully observed HD 114174 B, a white

dwarf companion to the G5IV-V star HD 114174 A with a flux contrast of 10~* and angular
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separation of 0.5”. This observation surpassed the required 50 flux contrast sensitivity of 10~% at
1.0”, and additionally achieved a background limited flux sensitivity of 5 x 1077 at separations
greater than 2” [73]. The Direct Exoplanet Imaging ERS team [115] completed the first success-
ful direct observation of an exoplanet with JWST: the 14 Myr old super-Jupiter HIP 65426 b with
a flux contrast of 4 x 10~° and separation of 1” from its A2V class host star. These observations
confirmed that JWST NIRCam’s coronagraphic modes exceed the predicted performance capa-
bility by up to a factor of 10 in flux contrast sensitivity [50]. NIRCam coronagraphy has since
been used to continue characterization of known planetary mass companions [116], aid in the
discovery of new planets [108], and identify interesting candidates that were previously out of
reach [117,118]. The demonstrated capabilities of this instrument mode now enable routine direct
observations of sub-Jupiter-mass giant planets orbiting young M dwarf stars at wide separations
(2 10 AU) for the first time.

In this work, we perform the first direct imaging survey with JWST NIRCam coronography
to observe a population of stars with no previous observational detection of wide orbit compan-
ions, and we provide the first context on the demographics of sub-Jupiters on wide-orbits around
M dwarfs. We describe our coronagraphic imaging observations of 9 nearby, young M dwarfs
under the Cycle 1 Guaranteed Time Observation (GTO) program 1184 2. In Section 2.2 we mo-
tivate the target selection and observation strategy for the survey. In Section 2.3, we describe
the data reduction techniques used to measure our sensitivity to planetary mass companions and
identify point source candidates. In Section 2.4, we summarize the overall performance of JWST

NIRCam in the GTO 1184 observations, catalog newly detected sources, and describe several in-

2PI J. Schlieder, allocated as part of the NIRCam Exoplanets GTO sub-program. https://www.stsci.
edu/jwst/science—-execution/program-information?id=1184
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teresting candidates identified in the data. In Section 2.5, we compare the survey results to yield
estimates, discuss their implications for exoplanet demographics, describe lessons learned, and

comment on future work. Finally, we summarize the key findings of this study in Section 2.6.

2.2 Survey Design

2.2.1 Target Selection

When developing the GTO 1184 survey, we aimed to achieve the deepest companion mass
sensitivity limits of any exoplanet direct imaging program and to access new mass-separation
parameter space to further understand the wide-orbit M dwarf planet population. Our focus on
M dwarfs, with their intrinsically low luminosities, allows deep sensitivity even in the contrast
limited regime of NIRCam. We further selected for the youngest and closest of these stars to
maximize sensitivity to warm, self-luminous planets and to access the smallest planet-star sep-
arations. This combination of intrinsically low luminosity, youth, and proximity made the M
dwarfs in nearby young moving groups and associations [119] some of the most optimal targets.
In 2014 and 2015, we searched through several dozen literature sources reaching back more than
a decade to identify all late-K and M dwarf stars confirmed or proposed as members of young
moving groups and associations and compile a candidate list [120-124]. We then supplemented
this with a literature search for additional very nearby, young field stars not associated with a
known group or association [125, 126]. This led to a list of more than 400 candidate targets,
which were then vetted for known multiple systems and close background sources in projection
using further literature crosschecks and archival imaging data in order to limit known contami-

nating sources for high contrast imaging [127-130].
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Short Standard Spec. Distance Age W1 W2
Name Name Type (pc) (Myr) (mag) (mag)
OBS GROUP 1

AU Mic HD 197481 MI 994010 24+3* 450  4.00
HIP 17695 G 80-21 M3  16.1+£0.80 149795+  6.81  6.68
TYC 5899 LP 776-25 M3 1634040 14975, 677  6.60
G 7-34 G 7-34 M4  13.640.20 1497352  8.01  7.82
OBS GROUP 2

Fomalhaut C | * alf PsA C M4 7.64+0.07 440+40° 699  6.80
AP Col V* AP Col M4.5  8.440.07 5015, 6.64  6.40
2M J0944 G 161-71 M5  13.3+0.15 5075, 741 7.20
OBS GROUP 3

LP 944-20 LP 944-20 M9 6.440.04 329+80,7 9.13 8.8l
2M J0443 2MASSI M9  21.14+045 24+3° 10.83 1048

J0443376+000205

Table 2.1: All stars targeted for observation in JWST GTO program 1184 (PI J. Schlieder). Each
target star is listed with its spectral type, distance in parsecs, estimated age in Myr, and observa-
tion group number. The observation group numbers show which stars were imaged in back-to-
back observations during GTO 1184 to minimize wavefront error (WFE) drift. Superscripts in

the age column denote the stellar aging methods used: moving group membership (a: [132] and
b: [133]), association with Fomalhaut A (c: [125]), or lithium depletion (d: [134])

These selection criteria led to a shortlist of more than 50 young M dwarf targets within
25 pc. We further scrubbed this list to only the closest stars and made sub-selections to include
targets with a broad range of M spectral types and luminosities. This final part of the selection and
prioritization process was subjective by design to include a variety of targets and provide a final
data set that enables exploration of NIRCam coronagraphy capabilities in this early survey. We
also continued to monitor the literature for new targets or updated information on our prioritized
list over the years. This included crosschecks with Gaia data [131] and the consideration of
newly identified young moving group members and candidates based on those data [119]. The
final target list was solidified in 2020 and consisted of nine of the closest, youngest M dwarfs, as

detailed in Table 2.1.
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Here we provide a few notes on the targets. Two, AU Microscopii (AU Mic) and Fomal-
haut C, are already known to have extended debris disks [135,136]. Lawson et al. 2023 [137]
provides a focused analyses of the AU Mic disk which is detected at 3 - 5 ym wavelengths for the
first time in GTO 1184. Lawson et al. 2024 [138] describes our first-of-its-kind direct-imaging
detection of the very faint Fomalhaut C disk, adding a new entry in the short list of M dwarfs
with debris disks resolved in reflected light. Each of these papers also reports on the deep sen-
sitivity to wide-orbit planets achieved in those systems, and the independent analyses performed
later in this manuscript support those results. AU Mic also has two confirmed transiting plan-
ets with semimajor axes 0.065 and 0.11 AU [139, 140], corresponding to angular separations of
6.6 milli-arcseconds (mas) and 10 mas which are far interior to the NIRCam coronagraph inner
working angle (IWA, defined as the separation within which more than 50% of the incident light
is suppressed) and thus undetectable in these observations. TYC 5899 was the latest addition
to the target list. It replaced the star GJ 393 which was revealed to potentially be >1 Gyr old
with the inclusion of new observations and analyses [141]. TYC 5899 has a known star within
a few arcseconds (see Fig. 2.5), but we included it as a target due to its youth, spectral type, and
proximity. Target 2M J0443’s model predicted mass is substellar given its luminosity and young
age [142, 143]. We include it in the survey to explore NIRCam’s contrast performance with a

faint target and to search for wide-orbit planets around a substellar target.

2.2.2 Observation Strategy

We observe each target with NIRCam for approximately 1 hour in the F444W filter centered

on 4.44 pym (3.881 - 4.982 pm). This is the longest wavelength, wide-bandpass filter available
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for use with the NIRCam coronagraphic modes, which maximizes the detection of planet flux
for a given exposure time (models predict young giant exoplanets to be bright in the 4-5 ym
wavelength range) [58]. We use the readout pattern SHALLOW?2 for the observations of AU Mic
with 35 integrations in the F444W filter. We use the MEDIUMS pattern for every other target
with 17 integrations per exposure and 10 groups per integration as defined in the NIRCam De-
tector Readout Patterns page of the JWST User Documentation®. We also observe each target for
approximately 30 minutes in the F356W filter centered on 3.56 pm (3.135 - 3.981 pum), using
the same readout settings except reducing the number of integrations per exposure to 17 for AU
Mic, and 8 for the other targets. This enables color-based rejection of background contaminants
such as stars and the most common galaxies, as we expect young giant exoplanets to be signifi-
cantly red in the 3-5 um wavelength range [58, 114]. The total observation time in both filters is
split evenly across two roll angles separated by ~10°, which is typically the maximum allowed
by the observatory due to solar avoidance restrictions. The two roll angles enable stellar point-
spread function (PSF) subtraction via angular differential imaging (ADI, [144]). ADI leverages
the fact that the stellar PSF is fixed to the orientation of the observatory while the position of the
planet remains fixed on the sky to disentangle the star and planet flux. All of the aforementioned
observations use the subarray SUB320 with a field of view of 20 x 20 arcseconds, enabling the ob-
servation of companions at separations up to ~200 AU in GTO 1184, depending on the distance
to the individual target star. Finally, each observation uses the coronagraphic mask MASK335R,
which is the narrowest round mask available for use with the F444W filter. It provides an inner

working angle (IWA) of 0.6” [145], which corresponds to a typical projected separation of ~12

Shttps://jwst-docs.stsci.edu/jwst-near-infrared-camera/
nircam-instrumentation/nircam-detector—-overview/nircam-detector—-readout—-patterns
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AU in this survey.

Our choice to perform the survey using coronagraphy rather than non-coronagraphic direct
imaging was based on detailed predictions for each target using the dedicated software package
WebbP SF for JWST PSF modeling [146]. We simulated the expected contrast and planet mass
sensitivities for each of the 9 targets with MASK335R coronagraph using the F444W filter, and
compared with the direct imaging mode using the F480M filter. We explored a range of possible
pre-launch wave-front error (WFE) drift values between the science target and reference, adopt-
ing AWFE € [0, 2, 5, 10] nm. These simulations revealed that for all targets except the faintest
two, 2M J0944 and LP 944-20, the direct imaging mode was significantly more sensitive to WFE
drift. This was particularly true at angular separations <2”. Thus, if worse case pre-launch WFE
drift predictions were reflected in flight performance, coronagraphy would yield equal or better
contrast and mass sensitivity performance at small separations for most targets. For this reason,
and to preserve the same observing mode for all targets in the interest of a self referenced survey
(see below), we chose to perform the survey entirely in NIRCam'’s coronagraphic mode.

Even with the vast majority of the target starlight suppressed by NIRCam’s coronagraphic
optical elements, astrophysical sources near the star (a.k.a. off-axis sources) may still be much
fainter than the residual starlight that reaches the detector. To address this, an additional star is
typically observed to measure a reference stellar PSF, which can then be scaled to and subtracted
from the target star observation to reveal faint, close-in sources. This approach is known as refer-
ence differential imaging (RDI, [66]), and is expected to be more efficient than ADI at removing
residual starlight while preserving flux from off-axis sources at small (< 2”) angular separations
due to the limited range of roll angles available with JWST.

In contrast to previous coronagraphic observations with JWST, we do not allocate observ-
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ing time to dedicated reference stars. We instead use the entire set of science observations as
a library of potential reference PSFs to maximize the number of science targets that can be ob-
served within the survey time allocated to GTO 1184. This strategy is made more feasible given
that all of the target stars are of similar spectral type, minimizing the variation due to wavelength-
dependent PSF structure. We observe the targets in three unbroken sequences grouped by early-,
mid-, and late-type M dwarfs to further reduce wavefront error drift between adjacent observa-
tions (See Table 2.1). Grouping the targets by spectral type does occasionally result in slews
between each target of ~50° or more, however pre-launch thermal and optical modeling (sup-
ported later by measurements during commissioning) indicated that the observatory would be
stable enough to handle these without introducing significant additional wavefront error [147].
The GTO 1184 observations were executed successfully* between September 6th and Nov-
ember 27th, 2022 (UTC) with the exception of the second roll angle observation of TYC 5899,
which failed due to a target acquisition error. Then, the two rolls of TYC 5899 were re-observed
in 2023 on different dates due to a sequential observation link error in the observing plan. The
two rolls were observed on February 11th and 22nd (UTC), respectively. All three observations
of TYC 5899 were used in the analysis, however the high proper motion of the star (243 mas
yr~! [131]) and the 4-month delay between the first and last observations result in the apparent
blurring of off-axis background sources, so only the final two observations are shown in the

survey images and used for off-axis PSF fitting.

“The data are publicly available at MAST: doi: 10.17909/1zm1-4x90]10.17909/1zm1-4x90
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2.3 Analysis Methods

The following subsections detail our approach to data reduction, post-processing, and the

search for and characterization of point source candidates.

2.3.1 Data Reduction

The raw JWST data, comprised of non-destructive detector array reads averaged over each
group of frames within each integration and exposure (shown in panel a of Figure 2.1), becomes
accessible on the Mikulski Archive for Space Telescopes (MAST) within about 48 hours of the
observations being executed. However, significant calibration and post-processing is required
before the data can be used for science analysis and interpretation. The Space Telescope Science
Institute (STScI) has thus developed the JWST Science Calibration Pipeline (a.k.a. jwst) to
perform the reduction of all JWST data, composed of three stages described below [148].

Stage 1 applies detector-level calibrations to the raw data, including checking for pixel
saturation and persistence, as well as performing dark field subtraction, detector gain corrections,
and ramp slope fitting. The ramp slope refers to the rate of flux signal build up in each detector
pixel during the integration, and it should be linear if the astrophysical source is not variable over
the integration timescale. Therefore, if anomalies such as cosmic ray (CR) hits cause significant
deviations from the linear ramp slope between two adjacent groups (called “ramp jumps”), this
can be detected and the slope can be fit along each jump-free segment. The threshold for flagging
ramp jumps, in number of sigmas above the noise, is one of many calibration parameters which
can be specified by the user. The output of this stage is a 3D array of the uncalibrated photon

rate in each pixel during each integration, with an example shown in panel b of Figure 2.1 after
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c. Instrument Calibrated Data

a. Raw Data

20 21 22 23 24 250 5 10 15 20 O 10 20 30 40 50
DN le6 DN/s MJy/sr

Figure 2.1: Results of data reduction steps for GTO 1184 target G 7-34 (roll 1 in the F444W
filter), using the JWST Calibration Pipeline wrapped by spaceKLIP [148,149]. We also include
additional custom processing steps for flagging cosmic ray persistence. Panel a shows the raw
data as downloaded from the MAST archive. Panel b shows the output of the first stage of the
pipeline, which flags and corrects for detector-level errors. Panel ¢ shows the output of the second
stage, which corrects instrument-specific errors, smooths over unreliable pixels, and converts the
image to physical fluxes. Significant residual starlight is still present in the center of the frame,
which needs to be removed with PSF subtraction techniques.

averaging over the integrations.

Stage 2 provides physical and instrument-specific corrections to individual integrations to
generate a fully calibrated exposure. For the purpose of this study we are concerned only with
the NIRCam image calibration steps, which include applying World Coordinate System (WCS)
information to transform between pixels and physical coordinates, flat field corrections from
instrument and detector response, and flux calibration to convert between counts per second and
MJy per steradian. The output of this stage is a 3D array of the calibrated flux (in MJy/str) in
each pixel during each integration. The calibrated image for each exposure can then be attained
by simply averaging over the integrations, as shown in panel ¢ of Figure 2.1.

Finally, stage 3 performs additional processing for observational techniques that require
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the combination of multiple exposures, such as stellar PSF subtraction with ADI and/or RDI.
The stage 3 module for coronagraphy applies CR and outlier flags to all science target and PSF
reference observations, aligns the PSF references with each target image, and performs the de-

sired PSF subtraction method via Karhunen-Loeve Image Processing (KLIP, [67]).

2.3.1.1 Pre-Processing

The “pre-processing” steps encompass everything leading up to PSF subtraction, including
the steps shown in Figure 2.1. In addition these include the alignment of images for each science
target exposure as well as the preparation of reference PSF images.

Given that the JWST pipeline was developed to cover the broadest possible set of applica-
tions, we chose instead to use the publicly available python package spaceKLIP® which tunes
the JWST pipeline specifically for high-contrast coronagraphic imaging of exoplanets [149].
spaceKLIP essentially wraps the first two JWST pipeline stages in a set of user-friendly python
functions and provides custom steps to account for phenomena such as erroneous ramp jump de-
tections, low quality dark current subtraction, flux variations between integrations, and hot or
otherwise unreliable pixels. We also use the spaceKLIP steps for background subtraction,
masking and replacing bad pixels, correcting the coronagraph location, and aligning the frames.
In general, we adopt the default settings for the step parameters, however we did reduce the jump
detection threshold from 4o to 3o, and reduced the sigma clipping threshold in the spaceKLIP
bad pixel cleaning step from 5 to 3, which improved the flagging of cosmic ray hits.

The most significant hurdle we encountered during this phase was the unflagged persis-

tence of several CR hits. The spaceKLIP ramp-fitting step successfully flags pixels in the first

>The specific version used in this study is linked in the Acknowledgments
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integration affected by a given CR, however for a large enough hit, core pixels can remain warm
across multiple integrations in an exposure, such that it can mimic a faint off-axis PSF in the final
post-processed image. CR persistence can be unambiguously differentiated from an astrophysi-
cal source by inspecting the individual integrations in the affected exposure. As the CR masking
by the jwst pipeline is imperfect, residuals will be clearly visible in the affected frames, and
can be masked manually before PSF subtraction. In our first reductions of the survey data, these
artifacts led to several spurious “detections” of a faint source in F444W with no detection in
F356W, mimicking the expected signal of a sub-Jupiter mass planet. To ensure that this effect
did not cause further issues, we thoroughly examined every group of each observation for CR
persistence by subtracting the per-pixel median of the integrations in an exposure from the mean
of those integrations and identified places where an outlier existed only in one or a few integra-
tions out of the set. CR persistence stands out using this method and we flagged each instance by

eye and masked those pixels only in the affected integrations before higher level processing.

2.3.1.2 PSF Library Preparation

As this survey does not contain dedicated reference stars, we perform an additional process-
ing step for each science image so that it can also serve as a reference PSF free of contaminating
off-axis sources. We first mask each off-axis source revealed in a first-pass ADI reduction of the
science targets as described above, using a signal-to-noise ratio per resolution element (SNRE)
threshold of 5, then replace each masked pixel in each science frame with the median value of the
non-masked pixels in that location across all other frames in the library. This effectively removes

contaminating sources from the reference PSF library while preserving the stellar PSF structure
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and avoids biasing the subtraction with a uniform fill value. The resulting images are treated as
the reference PSF library for the survey. We exclude from the reference library TYC 5899, which
had an extremely bright source at about 3” separation, as well as Fomalhaut C and AU Micro-
scopii which host circumstellar disks, making the stellar PSF difficult to sample. The remaining

6 stars are referred to throughout this paper as the “full reference library”.

2.3.1.3 KLIP Processing

PSF subtraction is performed via the Karhunen-Loeve Image Processing (KLIP, [67]),
which uses a Karhunen-Loeve transform of the reference observations to build an orthogonal
basis of eigenimages (a.k.a. KLIP modes) that are then fit to the science observation. The
spaceKLIP implementation of this method is based on the python package pyKLIP [150]
and can perform PSF subtraction via ADI and RDI with more flexibility than the jwst pipeline,
as well as a combination of the techniques (ADI+RDI). The science image can also be separated
into a number of annuli (concentric circular regions) and position-angle (PA) subsections, so that
the PSF subtraction can be performed independently in multiple subsections of the image. This
is particularly helpful to avoid bias due to a bright, off-axis source in the science image affect-
ing the PSF subtraction quality in the rest of the image. In our reductions, we use four evenly
spaced annuli and no position angle divisions, which provided the best balance of isolating bright
off-axis sources while keeping each individual region large enough to avoid error inflation from
small sample statistics near the IWA. One can also tune the number of KL. modes (i.e. principal
components) used for the final PSF model. We opt to use 6 KL modes to reduce the probability

of astrophysical signals being subtracted by the KLIP algorithm, following the prescription used
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a. ADI b. RDI c. ADI+RDI
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Figure 2.2: Results of PSF subtraction via ADI, RDI, and ADI+RDI using spaceKLIP, for G
7-34 in the F444W filter. The positive signal is shown in red, and the negative signal (due to
subtraction artifacts) is shown in blue. Panel a shows the ADI result, where each off-axis source
has clear negative residuals due to the 10° roll angle difference. Panel b shows the RDI result
using only HIP 17695 (the target star with the cleanest FOV) as a reference, and panel ¢ shows
the ADI + RDI result, which is performed just like the RDI method but including the second roll
of the science target as an element in the reference PSF library [149].

in Carter et al. 2022 [50].

ADI is performed by reducing each roll angle of a given science target using the alternate
roll angle of that same science target as the reference observation. After each roll angle is PSF-
subtracted via the KLIP algorithm as described above, the resulting images are de-rotated and
averaged. The presence of the same off-axis sources in the science and reference observations
for this method creates a characteristic negative-positive-negative signal in the final image (as in
Panel a of Figure 2.2), where the negative artifacts are separated from the positive signal by the
same angle that separates the two observational rolls. However at small separations from the host
star, this can result in “self-subtraction,” where the negative and positive lobes are separated by
a distance less than the width of the PSF, thus reducing the throughput of the KLIP algorithm in

that region.
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RDI is performed by processing each roll angle of a given science target using the PSF
library (excluding the science target) as “references”, before de-rotating and averaging the two
PSF-subtracted images. We do not rescale the PSF references to a common flux before running
KLIP, as the amplitude of each PSF eigenimage is scaled automatically by the algorithm when
fitting the science PSF. This method, shown in Figure 2.2 Panel b, avoids the self-subtraction
effect, however the PSF subtraction quality is more sensitive to spectral type and WFE differences
between the science and reference targets as well as to off-axis sources present in the reference
observations.

Finally, ADI+RDI is performed by applying RDI as above to each roll observation sepa-
rately, while including the alternate rolls of the science target in the PSF reference library for
subtraction. We then de-rotate and sum the two PSF-subtracted images. This enables the use of
the science star as a reference while somewhat suppressing the effect of self-subtraction in pure

ADI, as shown in Panel ¢ of Figure 2.2.

2.3.2 Image Analysis

Because of the artifacts produced during PSF subtraction, especially in the case of ADI,
photometric analysis cannot be performed through traditional aperture photometry. Instead we
use the spaceKLIP routines developed to measure contrast sensitivity and off-axis source pho-
tometry via PSF forward modeling and injection-recovery.

We characterize the sensitivity of our observations based on the 5-0 flux contrast sensitivity,
(a.k.a. the “bo contrast”) which the is the flux contrast of an off-axis source relative to the star

that could be detected with a signal-to-noise ratio of 5, equivalent to a false alarm probability of
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2.9 x 1077, This is determined by sampling the radial noise profile at twice the angular resolution
of the observing system and quantifying the 50 flux threshold using Student t-statistics. The
combined throughput of the PSF subtraction algorithm is then accounted for by injecting an
off-axis PSF model with a pre-determined flux (generated by WebbPSF [146]) into the pre-
PSF-subtracted images on a grid of planet-star separations between 0.1” and 5” and position
angles separated by 60°. We then perform the PSF subtraction, recover the resulting source
photometry by fitting a 2D gaussian via least squares optimization, and divide by the input flux
to measure the dimensionless throughput as a function of separation. This is implemented in a
routine provided by pyKLIP and wrapped by spaceKLIP, which includes the effects of small-
sample statistics at narrow separations following Mawet et al. 2014 [151]. The throughput of the
NIRCam coronagraphic optical system is then accounted for by applying the transmission map
for the M335R mask configuration provided by WebbP SF.

We used the G 7-34 system as an example to study the effect of different PSF subtraction
methods and reference PSF libraries on the final contrast sensitivity. Figure 2.3 shows the results
of PSF subtraction of using ADI with no reference stars, and using RDI or ADI+RDI combined
with either HIP 17695 as a reference, or with all of the good quality science observations as ref-
erences. In this example, the inclusion of additional reference stars improves contrast sensitivity
in the background-limited regime beyond ~ 3 arcseconds. However within the speckle-limited
regime of < 3 arcsec, we do not see the same improvement. We understand this to be caused by
G 7-34 and HIP 17695 being very closely matched both in wavefront error (due to the back-to-
back observations) and in star-coronagraph alignment (by coincidence). The mean difference in
star-coronagraph alignment between the G 7-34 observations and the HIP 17695 observations is

0.088 pixels, compared to 0.155 pixels between G 7-34 and the rest of the library. Thus, as we
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Figure 2.3: 5o contrast sensitivity curves for different PSF subtraction techniques and reference
PSF choices applied to the G 7-34 observation in F444W, as a function of angular separation
from the target star. The teal, blue, and purple lines show the results for ADI, RDI, and ADI+RDI
respectively. Reductions using the full library of PSF references are shown with a solid line, those
using only HIP 17695 as a reference are shown with a dashed line, and those using no references
(ADI only) are shown with a dotted line. The 0.6” coronagraph inner working angle (IWA) is
shown as a vertical gray dashed line. We can see that RDI and ADI+RDI outperform ADI alone
at nearly all separations, regardless of the number of references used.

add more reference observations, which have more significant differences in wavefront error and
coronagraph alignment compared to HIP 17695, we do not see significant improvements in the
PSF subtraction quality within 3 arcsec.

We note that RDI with the full reference library results in the deepest contrast sensitivity
both within the IWA, denoted by the vertical dashed line in Fig. 2.3, and in the background-
limited regime beyond 5 arcsec, therefore we use this method for our primary analysis. We do
however cross check with the alternate methods to ensure that a given off-axis source is astro-
physical and not an artifact of one of the subtraction algorithms.

The spaceKLIP routine for measuring the photometry of an off-axis source, similar to
the contrast curve measurement, generates an off-axis PSF model at the approximate planet-star
separation of the companion, then applies a forward model of the stellar PSF subtraction method
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Figure 2.4: Examples of the two different approaches used for forward-model PSF fitting, show-
ing source P1 near TYC 5899 as an example. The left column shows the image data, the center
column shows the best-fit PSF model, and the right column shows the residuals. The result from
the least-squares PSF fitting routine are shown in the top row, while the default spaceKLIP fitting
routine is shown in the bottom row and produces a similar result.

used in the data reduction, and finally fits the resulting off-axis PSF model to the data using a
Markov Chain Monte Carlo (MCMC) approach. This allows us to measure the luminosity of
the off-axis source relative to the target star while accounting for any self-subtraction or local
under/over-subtraction due to the KLIP algorithm. An example of this method applied to a well-
detected, off-axis source in the vicinity of TYC 5899 is shown in the bottom row of Figure 2.4.
In some cases with lower SNR or significantly non-zero background, the spaceKLIP
photometry measurement produces a result that is visually erroneous in diagnostic images, SO
we have developed a semi-independent routine to measure the photometry of these objects. We
produce a normalized PSF model using WebbP SF, which we fit to the data using a least-squares
(LSQ) minimization. We then use the separation-dependent measurement of the KLIP algorithm
and coronagraph mask throughput measured by spaceKLIP during the contrast curve calcula-
tion to convert from the PSF model amplitude to the source flux. We determine the measurement

uncertainty via the bootstrap method, wherein the model fit residuals are shuffled in the image
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plane, the shuffled residuals are added back to the data, and the model fit is repeated 1000 times
to produce a posterior distribution of best-fit parameter values. This produces a similar result
(typically agreeing within 1-2 o) to the spaceKLIP-derived photometry and astrometry for ro-
bustly detected sources, as shown visually in the top row of Figure 2.4. More marginal sources
(i.e. SNR < 10) show greater discrepancies between the spaceKLIP and LSQ fit, and in these

cases we report higher astrometric uncertainties to account for this.

2.4 Results

We reduced all observations for each target using the RDI technique described in Section
2.3.1.3 with the full PSF reference library. We then calculated the signal-to-noise ratio per resolu-
tion element (SNRE) in each pixel by convolving the final image with a 2D full-width-half-max
top-hat model (of width 0.114” for F356W and 0.140” for F444W) and dividing by the finite-
element-corrected noise profile. The resulting SNRE maps for each target in F444W and F356W
are shown in Figures 2.5 and 2.6 respectively, with candidate point sources magnified in the im-
age insets and the extended sources labeled but not magnified. The survey images in physical
units (MJy/steradian) are available for reference in Section 2.7.1. As noted previously, we do not
include the first of the three TYC 5899 observations in these maps as the 4-month delay between
the first and second observations, combined with the high proper motion of the target star, causes
a non-trivial blurring of background objects.

We recover the bright, edge-on, circumstellar disk of AU Mic, whose analysis is detailed
in Lawson et al. 2023 [137]. The circumstellar disk of Fomalhaut C is not obvious in these

reductions, however this is because our analysis is optimized to recover point-like sources, rather
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Figure 2.5: Signal-to-noise ratio per resolution element (SNRE) maps of all targets in GTO
1184, in the F444W filter. All observations were reduced with RDI using the full library of
reference PSFs. Point-like and extended sources are labeled in the images (with names beginning
with “P” and “E” respectively), and the point-like sources are magnified in the image insets.
Extended background sources are abundant in the survey, and the edge-on disk of AU Mic is
clearly detected.
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Figure 2.6: Signal-to-noise ratio per resolution element (SNRE) maps of all targets in GTO 1184,
in the F356W filter. All observations were reduced with RDI using the full library of reference
PSFs. Point-like and extended sources are labeled in the images (with names beginning with
“P” and “E” respectively), and the point-like sources are magnified in the image insets. In cases
where the candidate source is not detected in the F356W filter, we still label it and provide an
inset image to demonstrate its non-detection. Extended background sources are abundant in the
survey, and the edge-on disk of AU Mic is clearly detected.
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than diffuse emission. The disk is however detected and analyzed using Model-Constrained RDI
in Lawson et al. 2024 [138]. As we aim in this paper to detect and analyze potential substellar
companions, we use the best-fit disk models from the papers described above to subtract the disk
emission from AU Microscopii and Fomalhaut C before characterizing the contrast sensitivity

and photometry of these observations.

2.4.1 Survey Sensitivity

Figure 2.7 shows the median survey sensitivity in units of flux contrast (upper panel) and
apparent magnitude (lower panel) in both filters (F444W in red and F356W in blue). We achieve a
median 50 sensitivity of 1.5x 10~ (and median magnitude sensitivity of 19.3 mag) at a separation
of 17 and 2.7 x 107% (21.2 mag) in the background-limited regime (i.e. at separations > 3”) with
the F444W filter, as measured via the methods described in Section 2.3.2. In the F356W filter,
the median sensitivity is 1.3 x 107° (19.7 mag) at 1” and 1.7 x 107¢ (21.8 mag) at 5. For
reference, we provide the flux contrast and apparent magnitude sensitivity curves for each target
individually in Section 2.7.2.

We then convert the flux contrasts to planet mass sensitivities using published evolution
models for stellar- and planetary-mass objects. For masses below 2 My, we use BEX-pet 1t CODE
models [58], for masses below 0.075 Mg, (~ 80 My,,) we use ATMO-CEQ models [152], and for
all stellar masses we use Ames—COND models [153]. As an example, we show the 50 mass
sensitivity curves in units of companion mass for target G 7-34 in Figure 2.8, demonstrating sen-
sitivity to sub-Saturn mass companions in the F444W filter. Despite slightly deeper flux contrasts,

F356W has significantly shallower mass sensitivity. This is due both to the intrinsic redness of
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Figure 2.7: The median 5o sensitivity curves for the entire survey in the F444W filter (red lines)
and F356W filter (blue lines). The sensitivity is given in units of planet-star flux contrast in the
upper panel, and apparent magnitude in the lower panel. The coronagraph inner working angle
(IWA) is shown in the gray dashed line. The separations where only partial coverage exists due
to square framed observations at multiple roll angles is shown by the gray shaded region. We
demonstrate deep limits in absolute flux at close angular separations.

young planetary mass objects and the shorter exposure time in F356W compared to F444W. Due
to this difference in sensitivity, we expect significantly sub-Jupiter-mass companions to appear
as “F356W dropouts”, e.g. being detectable in the F444W observations, but not in F356W.

In this analysis, we also assume an underlying distribution of orbital eccentricities (posi-
tive half-normal with a mean of 0 and sigma of 0.3), and uniformly random orientations in space
(corresponding to uniform cos i, longitude of ascending node [0-27], and longitude of periapse

in [0-27]) to account for projection effects. We can then measure the detection probability as a
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Figure 2.8: The 5o mass sensitivity curves for the G 7-34 observations, as a function of angular
separation from the target star, demonstrate extremely deep mass sensitivity with the F444W
filter (in red) as compared to the F356W filter (in blue). Due to this difference in sensitivity, we
expect significantly sub-Jupiter-mass companions to appear as an “F356W dropout”, e.g. being
detectable at F444W, but not at F356W. The masses are derived from the BEX—-pet 1t CODE
cooling curve models, and the hatched region shows where we have extrapolated the model grid
to temperatures below the lower limit of 150 K.

function of mass and semimajor axis by injecting a population of planets with the above distribu-
tion and calculating the percentage of planets that would be detectable with 50 confidence based
on the apparent magnitude sensitivity curve for each target star. Figure 2.9 shows the detection
probability in the F444W filter (the more mass-sensitive of the two) in mass and semi-major axis
space for each target, with the hatched region denoting where our observations are sensitive to
planet temperatures below the 150 K lower limit of the BEX-pet it CODE model grid. In this
region we have extrapolated the cooling curves in log space to be able to visualize the probable
detection space, though we note that inaccuracies are likely beyond the edge of the model grid.
This being said, the extrapolations are not needed to show that we clearly demonstrate sensitivity
to Saturn-mass (0.3 Mj,,) objects in the vicinity of 8 of our 9 targets, and very likely in the case of
Fomalhaut C as well. In addition, we are sensitive (>50% detection probability) to Saturn-mass

exoplanets at Saturn-like separations (9.5 AU) for at least 6 targets. These are the deepest mass
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Figure 2.9: Detection probability maps in mass and semimajor axis space for each survey target,
demonstrating sensitivity to Saturn-mass exoplanets around all targets, and specifically to Saturn-
mass exoplanets with a Saturn-like semimajor axes (9.5 AU) around at least 6 of the 9 targets.
We show the mass sensitivity achieved in the F444W filter, as the Ames-Cond, ATMO—-CEQ,
and BEX-pet it CODE cooling curves predict sub-stellar objects to be the brightest in this filter
as compared to F356W. The solid white lines show detection probability contours of 50%, 80%,
and 95%, and the hatched region shows where our observations are sensitive to masses below the
lower limit of the available model grids for a given target’s age, and thus we have extrapolated
the cooling curves to lower masses (lower temperatures) for visualization purposes. The mass
sensitivity of the GTO 1184 survey surpasses the low-mass limit of available planet evolution
and atmosphere grids for every target, regardless of age or intrinsic brightness.
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sensitivity limits for any direct exoplanet imaging survey to date, demonstrating the power of

JWST coronagraphy to explore the outskirts of young M dwarf systems.

2.4.2 Source Catalog

We use a two-tiered search for off-axis point sources to catalog both robust and marginal
detections. For robust detections we use an SNRE threshold of 5.0 in either F444W or F356W,
and for marginal dropout detections we require an SNRE greater than 4.0 in F444W and less
than 3.0 in F356W. This is due to the predicted relative brightness of sub-Jupiter-mass objects in
F444W as compared to F356W. We categorize objects as point-like, as opposed to extended, by
visual inspection of the PSF fit residuals. As the PSF fit assumes a point-like flux distribution,
extended sources will result in a positive “halo” or other distributions of residual flux around the
PSF core.

Across all targets in the survey, we identify 10 point-like sources. Eight of these are ro-
bustly detected in both filters, and we display the measured SNRE, relative astrometry, F444W
and F356W magnitudes, and F444W-F356W color, for each source in Table 2.2. We also note
which PSF fitting method was used for each source, however we report the results of both meth-
ods (described in Section 2.3.2) in an extended table in Section 2.7.3.

The remaining 2 sources are marginally detected in F444W (SNRE > 4), but not in F356W
(SNRE < 3, ak.a “F356W dropouts”). For these sources, we report the SNRE in each filter,
relative astrometry, projected separation in AU, F444W magnitude, F356W magnitude limit,
and the 3- and 1-0 lower limit on the F444W-F356W color (as determined from the contrast

sensitivity curve for that target at the same angular separation) in Table 2.3. The data, best-fit
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F444W
Target Src. RA Dec | SNRE Flux SNR
["] ("] [mag]

AU Mic Pl 505770010 —2.5101001 | 7.21 18.94770157  7.68
TYC5899 Pl 0.74510007  3.03170007 | 68.69 14.63470001 75.11
TYC5899 P2 —1.979799%%  _9107+0007 | 12.97 19.54079:932 3386
Fomalhaut C  P1 2.52170058 421970112 | 9.03 20.9807)113  6.83
Fomalhaut C P2 2.99270042 1021670911 | 5.76  21.153%01%8  5.76
AP Col Pl 4.3851005T  10.69270013 | 5.81 21.04210135  4.04
2M J0443 Pl 231170010 —2.25970010 | 5.94 20.678 008 11.29
M J0443 P2 —2.53710050 g 475+0009 | 844 20.865700%  5.96
(cont’d) F356W F356W-F444W

Target Src. | SNRE Flux SNR Color Method

[mag] [mag]

AU Mic Pl 926 19.20375158  7.89 | 0.257T01% | sklip
TYC5899 Pl | 6846 14.804135% 68.02 | 0.17010957 | sklip
TYC5899 P2 | 11.38 20.003%004 25.63 | 0.463700% | 1sq
Fomalhaut C  P1 541 216887511 584 |  0.70870207 | sklip
Fomalhaut C P2 459 21.997T01T 410 | 0.844701% | sklip
AP Col Pl 539 21.8287925 372 |  0.786702% | sklip
2M J0443 Pl 584 21.33479M2 944 | 06577018 | 1sq
2M J0443 P2 7.99 21.4447558 7,09 | 0.57970135 | sklip

Table 2.2: We detected 8 point-like sources with >5¢ significance in both F444W and F356W.
We report each source (as labeled in Figures 2.5 and 2.6) with its position relative to the target
star; as well as the peak SNRE, apparent magnitude from PSF fitting, and PSF fit SNR in each
filter; the two-filter color, and the method used for PSF fitting as described in Section 2.3.2. As
we expect sub-stellar companions to have a F356W-F444W color greater than ~ 2, none of these
sources have been flagged as planetary mass companion candidates (See Figure 2.11).
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F444W
Target Source RA Dec Proj. Sep. | SNRE Flux SNR
[’] ["] [AU] [mag]
HIP 17695 PI —0.28110907  —5.837 0008 94.1 4.84 224817022 164
2M J0944 Pl 6.09810018  3.42370055 93.0 4.02 21.842700%%  3.91
(cont’d) F356W F356-F444W
Target Source | SNRE 30 Flux Limit | 30 (10) Color | Method
[mag] [mag]
HIP 17695 Pl 0380 >22.865 | >0.38(>1.58) | Isq
2M J0944  PI 2976  >22863 | >1.02(>2.21) | sklip

Table 2.3: We detected 2 point-like dropout sources with marginal (SNRE >40¢) flux in F444W
and insignificant (SNRE <30) flux in F356W. We report each source (as labeled in Figures 2.5
and 2.6) with its position relative to the target star, as well as the projected separation in AU.
We also show the peak SNRE in F444W, the apparent magnitude and SNR from PSF fitting in
F444W, the SNRE and 30 magnitude limit from the contrast curve at the associated location in
F356W, and the corresponding 30 two-filter color limit (the 1o limit is shown in parentheses).
The last column shows the method used for PSF fitting as described in Section 2.3.2. The low
PSF fit SNR of HIP 17695 P1 in F444W makes it less compelling as an exoplanet candidate.
Note: In regions where the background or noise fluctuation is slightly negative and there is no
significant astrophysical flux, the SNRE can be slightly negative.

PSF model, and residuals for each dropout source in F444W are shown in Figure 2.10. In this
figure we also show the F356W data at the same position, however as the SNRE of each signal
in F356W falls below the threshold of 3, we do not perform a PSF model fit for the data in that
filter. While the reader may observe a positive blob in the F356W data for 2M J0944 P1, we note
that this blob is offset from the position of 2M J0944 P1 in F444W by several pixels, and is of
similar amplitude to the background noise fluctuations that appear in F444W.

As our primary goal is to detect candidate substellar companions, which we expect to be
point sources, we do not characterize the extended sources in detail. However we did detect 22
extended sources with SNRE > 5 in either F444W or F356W, and we catalog their approximate

position and peak SNRE in Section 2.7.4. Due to an artifact of the spaceKLIP image alignment
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step, some of the extended sources near the edge of the field of view are wrapped to the other

side of the image. We have noted in the table which sources this affects.
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e -
T

B e, &

< B - ..7

3 . rl"' -
S | | |

™ Ll.-.-ul. Fl

Figure 2.10: Data and PSF fit results for the marginally detected “F356W dropout” sources. The
first column on the left shows the F356W data, the second column shows the F444W data, the
third column shows the best-fit PSF in F444W (using the least-squares fit for HIP 17605 P1 and
the spaceKLIP fit for 2M J0944 P1), and the right column shows the residuals in F444W. The
PSF fit SNR of HIP 17695 P1 in F444W is 1.64, leading it to be less compelling as an exoplanet
candidate. 2M J0944 P1 is detected with an SNR of 3.91, and remains as a marginal detection.
As the SNRE of each signal in F356W falls below the threshold of 3, we do not perform a PSF
model fit for the data in that filter. We note that the positive blob visible in the F356W data for
2M J0944 P1 is offset by several pixels from the location of the source in F444W, and that it has
an amplitude similar to the F444W residuals.

2.4.2.1 Background Source Rejection

To determine if a given off-axis source is likely to be a companion associated with the
target star, we compare the off-axis source photometry to an “isochrone curve” based on the
evolution model grids described in Section 2.3.2. This curve predicts the apparent magnitude in

a given filter and the two-filter color for objects across a range of masses, assuming the same
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Figure 2.11: We compare the F444W photometry and F356W-F444W color of each detected
point source (labeled purple icons) to the predicted photometry of stellar and substellar objects
modeled at the age and distance of each target star (a.k.a. “isochrone curve”, shown in the solid
line) in order to rule out background contaminants. The point sources detected in both filters
(purple circles) are far removed from the isochrone and thus unlikely to be associated with the
target system, however the two F356W dropout sources (purple triangle at the 3-0 color limit,
and vertical bar at the 1-o0 color limit) are consistent both with substellar field objects and in
the limit of their colors, with a sub-Saturn-mass companion. The color of the marker on the
isochrone curve corresponds to the object mass, and the predicted photometry is based on the
Ames—COND (circle markers, for M > 0.075 M), ATMO-CEQ (square markers, for 0.075 M, >
M > 2 My,p), and BEX-pet it CODE (for M < 2 My,,) with the extrapolation to very low masses
denoted by the hatched background. For comparison, we show isochrone curves for field age (1
Gyr) populations at 100 pc and 1000 pc in the dashed and dotted lines respectively.
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age and distance as the host star. Off-axis sources whose magnitude and two-filter color do not
coincide with the target star’s isochrone curve are most likely background objects and can be
ruled out as potential companions. We show the detected point source position in relation to the
system isochrones for each target star in the survey in Figure 2.11, along with 1 Gyr isochrones
to represent possible field objects at distances of 100 and 1000 pc. Each point source which we
detect in both filters (marked in the figure with a purple circle) is offset to significantly fainter
magnitudes than the isochrone for its would-be host star given its colors, thus they can all be
ruled out as more distant background sources. As mentioned previously, we obtained 3 total
observations of TYC 5899 over a temporal baseline of 4 months. Given the high proper motion
of this target, we were able to visually confirm that TYC 5899 P1 and P2, shown in Figure 2.11 to
be likely background objects, exhibited an apparent motion of approximately 0.5 pixels relative
to TYC 5899 over the 4 months, confirming their status as background contaminants.

Each F356W dropout source detected via SNRE is marked in the figure with a purple tri-
angle at the position of the F444W photometry measurement and the 30 lower limit on F356W-
F444W color, as well as a vertical bar at the position of the 1o lower limit, with an arrow extend-
ing to the right showing the range of colors possible. Comparing these results with the isochrones
shown in Figure 2.11, we can see that the F444W magnitudes of the sources are fainter than the
lowest planet masses available in the [58] models for their respective target stars, but in the limit
of their F356 W-F444W colors they may be consistent with the color-magnitude space expected of
a sub-Jupiter mass companion. If confirmed, these objects would be the lowest mass exoplanets
ever imaged directly.

For both dropout sources, stellar background contaminants are ruled out by the positive

F356W-F444W color limits. However, Figure 2.11 shows that the available photometric con-
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Expected Warm BDs Expected Cool BDs Expected Galaxies
Target Source 30 (1o) 30 (1o) 30 (1o)
HIP 17695 P1 0.021 (0.0) 0.003 (0.002) 3.7(0.012)
2M J0944 Pl 0.001 (0.0) 0.001 (4.3 x 107%) 0.021 (0.004)

Table 2.4: Here we show the expected number of contaminating background objects in a given
observation that would mimic a dropout point source candidate, based on the 30 F356W-F444W
color limits (with results from the 1o color limits in parentheses). The estimated warm (Tey >
900 K) brown dwarf contamination is calculated from the TRILEGAL model of the galactic disk
distribution of field substellar objects, the cool (Tt < 900 K) brown dwarf contamination is
based on an analysis of the 20 pc census in [154], and the galaxy contamination is calculated
from the observed population of galaxies in the JADES GOODS-S deep field.

straints are also consistent with older isolated brown dwarfs (BDs) or planetary mass objects in
the distance range of 100s of parsecs, and in some cases out to 1000 pc. Given the galactic latitude
and longitude of each target star, we can quantify the probability of contamination by the Galac-
tic disk population of isolated brown dwarfs (down to effective temperatures of ~900 K) using
the TRILEGAL model distribution [155], following the prescription used in [156]. We calculate
the expected number of isolated brown dwarfs mimicking each dropout signal by counting the
number of brown dwarfs in a cone extending in the direction of a given target star and which has
a solid angle equal to that of an individual GTO 1184 observation (~400 square arcsec). We then
filter for only the BDs with a predicted F444W magnitude less than the F444W magnitude upper
limit of the dropout source as well as a predicted F356W magnitude greater than the flux limit
of that dropout source. We present the expected number of contaminating background L dwarfs
for each source, showing both the 1o and 30 F356W flux limit case in Table 2.4. As our 1o flux
limits in F356W correspond to colors redder than those of the coolest brown dwarfs included in
the TRILEGAL model (approximately spectral type T7), we effectively rule out brown dwarfs

warmer than 900 K (a.k.a. “warm BDs”) and report O expected contaminating objects for that
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case. However in the 30 flux limit case, we expect 0.021 contaminating warm BDs mimicking
HIP 17695 P1 and a mere 0.001 contaminating warm BDs mimicking 2M J0944 P1.

However, the GTO 1184 observations are sensitive to background objects significantly
cooler than TRILEGAL’s lower temperature limit of ~900 K. In particular, brown dwarfs with
Terr < 900 K (a.k.a “cool BDs”) are expected to have F356W-F444W colors greater than 1 mag-
nitude and could still appear in our data as dropout signals. As these objects are not all included in
the TRILEGAL model, we quantify the likelihood of their appearance by analyzing the volume-
limited census of stellar and substellar objects within 20 parsecs compiled in [154]. We collect
all the objects provided in the published database with effective temperatures below 900 K, ig-
noring those which are companions of more massive stars. We then bin by effective temperature,
grouping objects between 900-750 K (67 objects), 750-500 K (99 objects), and 500-250 K (48
objects). For each of these categories, we calculate the mean number density per pc® within the
observed volume, as well as the range of distances at which the objects would be detectable with
a F444W magnitude less than a given dropout source but undetectable at F356W (i.e. having an
apparent magnitude greater than the 3- or 1-o sensitivity limit in F356W at the separation of the
dropout source). To do this, we use the provided WISE Band 1 and 2 magnitudes as a proxy for
JWST F356W and F444W magnitudes respectively, given their similarity in wavelength cover-
age [157]. We then scale the number density of each category of BDs to the volume of space
in which they would be observable as an object mimicking the dropout source according to our
3- and 1-0 F356W detection limits. While this assumes the number density of cool BDs is uni-
form out to potentially 1.5 kpc (the furthest distance at which we could detect early T-dwarfs as
dropout sources according to the 10 F356W limits), we expect the results displayed in Table 2.4

to be a conservative overestimate of the expected contaminating objects given that HIP 17695 and
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2M J0944 are separated by > 100° from the galactic center and by > 30° from the plane of the
galactic disk, where we would in reality expect the brown dwarf population density to decrease
with distance. Even in this conservative case, we predict with 30 confidence only 0.01 cool BDs
to mimic HIP 17695, and only 0.001 cool BDs to mimic 2M J0944, given their intrinsic rarity
and the narrow field of view of the NIRCam coronagraphic subarray.

In addition, some galaxies may occupy the same magnitude and color space as a young,
low-mass planet (as revealed by WISE and Spitzer observations), which is particularly problem-
atic if they are also small and/or distant enough to appear point-like. Early-type galaxies have 3-5
um colors comparable to stars [158]. However, low red-shift Quasars, obscured Active Galac-
tic Nuclei (AGN), and Luminous Infrared Galaxies are redder, with quasars and AGN typically
displaying colors ranging from ~0.8 — 1.5 mags [159]. To determine the probability of contami-
nation by such galaxies quantitatively, we interpret the early results of the JWST Advanced Deep
Extragalactic Survey (JADES) [160-162]. JADES is in the process of observing 136 square ar-
cminutes of sky to search for high redshift galaxies, with significantly deeper sensitivity in both
F444W and F356W (down to ~30th magnitude). The JADES NIRCam photometry catalog for
the GOODS-S deep field [163, 164] represents a subsection of the full survey with the deepest
limiting magnitude and covering an area of 27 square arcminutes. In Figure 2.12 we show the
F444W magnitude and F356W-F444W color of the JADES detections in black, as compared to
the F444W magnitude and F356W-F444W color limits of the GTO 1184 dropout sources in pur-
ple (with a triangle at the 30 limit and a vertical bar at the 1o limit). We count the number of
sources in the catalog that have a F444W magnitude less than or equal to to the upper limit of a
given GTO 1184 dropout source, as well as a F356W magnitude greater than the F356W mag-

nitude limit for the GTO 1184 source, as in the brown dwarf false positive calculation. We then
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Figure 2.12: Color-magnitude diagram of the 2 dropout candidates (in purple) as compared to
the sources in the JADES GOODS-S deep field catalog (in black), demonstrating the rarity of
extragalactic sources with F444W magnitude < 24 and F356W-F444W color > 1. We show the
30 and 1o color limit of the dropout candidates with a triangle and verical bar, respectively. 2M
J0944 P1 has the strongest color limit and a correspondingly low likelihood of being a background
galaxy.

scale by the sky coverage of the GOODS-S deep field compared to the GTO 1184 survey field-of-
view (0.11 square arcminutes per target), and determine the expected number of JADES sources
that would mimic the dropout source in its field of view. As shown in the rightmost column of
Table 2.4, the expected number of contaminants for source 2M J0944 P1 is a scant 0.021, and
we gain confidence in ruling out background galaxy contaminants as the source of this signal.
However, HIP 17695 P1 has a 30 color limit consistent with more frequently occurring galaxies,
therefore background contamination is more likely. We note that while the results for HIP 17695
imply that we should see several dropout galaxies in that FOV (the expected number is 3.667),
the vast majority of planet-mimicking galaxies in the JADES data lie right near the 30 detection
limit in F444W for GTO 1184. Thus our detection of only a few dropout candidates with an

SNRE of 4 or more is consistent with the expectation.
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2.5 Discussion

This work represents the first probe of the sub-Saturn-mass exoplanet population via direct
imaging, thus we have a responsibility to explore even marginal detections which are potentially
consistent with low-mass planetary companions. The first dropout candidate, HIP 17695 P1, was
initially detected with an SNRE of 4.84 in F444W. This was calculated by comparing the flux
within the FWHM of a given point to the noise level averaged on an annulus surrounding the star
at that separation. However after fitting a PSF model to the source and comparing the resulting
flux to the local noise level, we found that that the SNR is only 1.64. This, in combination with
the higher likelihood of contamination by extragalactic sources as shown in Table 2.4, makes it
less compelling and leads us to demote it from consideration as an exoplanet candidate.

The remaining dropout source, 2M J0944 P1, with a marginally significant PSF fit SNR of
3.91 in F444W per Table 2.3 and an expected number of contaminating background sources of
0.023 objects with 30 confidence, remains an intriguing candidate. The simplest course of action
to confirm or reject the exoplanet nature of this source is to re-observe the system, re-detect the
source at higher SNR, and verify common proper motion with the host star. Each of our target
stars has a proper motion on the order of 100s of mas yr—! or more, and common motion would
be straight forward to detect after only one year given the astrometric accuracy for faint sources
of <20 mas with NIRCam as demonstrated in this work.

Follow-up observations of the 2M J0944 system were recently executed in JWST Cycle 2
Guest Observer Program 3840 and the results of those analyses will be published in a future paper
(Bogat et al., in prep). We note that the original candidate for this followup program was a Ho

source in the vicinity of G 7-34, however it was revealed to be an artifact due to imperfect cosmic-
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ray correction with re-reduction of the full dataset using updated versions of the JWST pipeline
and spaceKLIP (see Section 2.3.1). We were able to swap G 7-34 with 2M J0944 through a
target change request, as 2M J0944 hosted our second-best dropout point source candidate at that
time.

We also note that no objects consistent with Jupiter-mass, super-Jupiter-mass, or BD com-
panions were detected in the survey. This is loosely in keeping with previous results showing low
occurrence rates for giant planets orbiting M dwarfs [165], and we provide quantitative context

for these results in the following subsection.

2.5.1 Implications for Population Statistics

The existing observational constraints for giant M dwarf planets with masses 1-10 My, are
consistent with a single underlying planet population, however several possible functional forms
may accurately describe the planet surface-density distribution. Clanton et al. 2016a [93] adopted
a power-law with a sharp outer cutoff radius around 10 AU to match imaging upper limits at the
widest separations. Meyer et al. 2018 [166] included newer imaging constraints and found that
a log-normal distribution with a peak around 3 AU fit the extant observations. However, due to
the limited mass sensitivity of the previously available high-contrast imaging observations, the
population of sub-Jupiter-mass planets at wide separation lacks constraint.

To explore the population in this newly accessible mass regime, we perform yield simu-
lations based on a recent parametric demographics model for M dwarf companions (Meyer et
al. 2025, in prep) and our sensitivity constraints from the 5o sensitivity curves for each target

(see Section 2.7.2). We simulate the yield for brown dwarf binary companions, as well as for
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planets in two different planetary mass regimes, dividing the planet population into sub-Jupiters
and super-Jupiters with the transition defined at 1 My,,. Each population is represented by a
log-normal orbital distribution (peaking at ~4 AU for sub- and super-Jupiters, and ~30 AU for
brown dwarfs) and a power-law mass ratio distribution (index of ~-1.43 for planets and ~0.3
for brown dwarfs). The super-Jupiter model is constrained by empirical evidence from previous
exoplanet demographics surveys, including the HARPS radial velocity survey [167], SPHERE
SHINE survey [31], and GPIES [168]. We set the lower mass limit for planets at 0.03 My, (or
10 Mg), as this is below the median detection threshold for the survey. The upper mass limit for
planets is defined as 10% of the stellar mass, instead of the deuterium-burning limit of 13 My,
as M dwarf disks are not expected to be massive enough to create 13-Jupiter-mass objects via a
planet-like formation pathway. For companion generation, we draw 10° random sets of orbital
parameters using the following priors: uniform priors for the longitude of the ascending node
and the longitude of periapse, cosine priors for inclination, and Gaussian priors for eccentricity
(u =0, 0 =0.3; [169]), and consider a given planet “detected” if it appears above the 5-0 con-
trast curve for its host star. We calculate the expected number of planets to be detected around
each star individually, assuming a total frequency (objects per star between 0 and 200 AU) of
0.02 for BDs, 0.09 for super-Jupiters, and 0.18 for sub-Jupiters, then sum the results to achieve
an expected yield for the entire program. This results in an estimated yield for GTO 1184 of 0.45
=+ 0.13 sub-Jupiters, 0.1 4= 0.012 super-Jupiters, and 0.085 £ 0.05 brown dwarfs.

We also explore an alternative sub-Jupiter model, which follows the same mass ratio distri-
bution as the gas giants but features a modified separation model. This model assumes the same
log-normal distribution of semimajor axis as that of the super-Jupiters within 10 AU [27], but
transitions to a log-flat distribution beyond 10 AU. The extension is motivated by the presence of
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the Solar System outer planets and by recent mm-wave ALMA disk gap observations (e.g. Garufi
et al. 2024) [170]. Under this assumption, the expected program yield of sub-Jupiters increased
to 1.36 + 0.18, effectively tripling the previous expectation.

In the super-Jupiter and BD regimes, our predictions are consistent both with the lack of
detections in GTO 1184 and with the low yields from previous, less-sensitive M-dwarf observa-
tions from the ground (e.g. Bowler et al. 2015 [171]). For sub-Jupiters, a log-flat distribution
of objects beyond 10 AU leads to a significant boost in the yield prediction at wide separation
compared to the higher mass companions, and our identification of the marginal sub-Jupiter can-
didate 2M J0944 P1 is intriguing in this context. However, the small sample size of the survey, in
combination with parametric degeneracies in the occurrence model, prevents us from definitively
determining whether the log-normal or log-flat distribution of sub-Jupiters beyond 10 AU more
accurately represents the underlying population via these observations alone.

Assuming conservatively that 2M J0944 P1 is not a planet, we can place an upper limit
on the frequency of planetary companions in the mass and separation range covered by GTO
1184. We simulate 10,000 surveys with varying amplitudes of the planet and BD occurrence
distribution, using the log-flat distribution of sub-Jupiters, and compare the simulated populations
with the detection probability curves to determine the maximum possible planet and brown dwarf
frequency (a.k.a. the intrinsic number of objects per star) that still results in an expectation of 0
detections in our observations. We adopt the 68%, 95%, and 99.7% detection probability contours
respectively (shown in Figure 2.9) and find that the frequency of planets with masses between
0.3-1.0 My, and semimajor axes between 10-200 AU (reflecting our sensitivity limits) is < 0.10
with 1o confidence, < 0.14 with 20 confidence, and < 0.17 with 30 confidence. When we

repeat the analysis assuming the log-normal distribution of sub-Jupiters beyond 10 AU, we find
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Category Mass SMA Frequency Upper Limit
Range Range (1o) (20) (30)
Sub-Jupiters (log-norm) 0.1-1 My, 10-200 AU | < 0.10 <0.13 <0.16
Sub-Jupiters (log-flat) 0.1-1 My, 10-200 AU | < 0.10 <0.14 <0.17
Super-Jupiters 1 My, -0.1 M, 10-200AU | <0.12 <0.15 <0.21
Brown Dwarfs 3-75 Myyp 10-200 AU | < 0.16 < 0.18 < 0.23

Table 2.5: Occurrence constraints (objects per star) for substellar companions in different mass
categories with semimajor axes between 10-200 AU that would result in the expectation of 0
detections in the survey. The sub-Jupiter results are shown for both the case where the underlying
separation distribution is a log-normal distribution centered at 4 AU (denoted “log-norm” in the
table), and the case where it is represented by the same log-normal distribution within 10 AU but
transitions to log-flat beyond 10 AU (denoted “log-flat” in the table). The estimates are generated
by simulating the substellar companion population described by Meyer et al. 2025 (in prep) and
comparing with the 68%, 95%, and 99.7% detection probability contours (see Fig. 2.9) for the
1-, 2-, and 3-0 confidence estimates respectively. The super-Jupiter and brown dwarf constraints
are loose but consistent with previous direct-imaging surveys. The results for sub-Jupiters are
the first occurrence constraints produced in this mass-separation regime, and are not significantly
sensitive to the underlying separation models given the small sample size.

very similar limits of < 0.10 with 1o confidence, < 0.13 with 20 confidence, and < 0.16 with
30 confidence, showing that the occurrence constraints are not significantly model-dependent.
These results, as well as the occurrence constraints for the super-Jupiter and BD populations,
are summarized in Table 2.5. Given the small sample size of our survey, the constraints are
necessarily loose. However, continued imaging of nearby, young M dwarf systems will build
up the statistical power of our early observations to provide a clearer picture of wide-orbit giant

planet occurrence around M stars.

2.5.2 Lessons Learned for JWST NIRCam Coronagraphic Imaging

In GTO 1184, we achieved a flux contrast roughly similar to the results of the Direct Imag-
ing ERS observations (F444W 50 contrast of 1.5 x 1075 at 1” in this work as compared to

1.0 x 107° at 1” in Carter et al. 2022 [50]), but our choice of cooler target stars results in deeper
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companion mass sensitivities for individual targets by up to a factor of 10. Notably, we achieve
this without the use of dedicated reference stars, thereby maximizing the survey efficiency and
the total observation time used for science targets.

We also opted not to use the small-grid dither approach [172], which is commonly em-
ployed when using dedicated PSF reference stars to increase the PSF sample variety. However,
dithering on a science target is not recommended as it would result in the majority of the expo-
sures having a sub-optimal star-coronagraph alignment. As noted in Figure 2.3, we found that
RDI without dithering can outperform the sensitivity of the pure ADI reduction within the IWA
even with only a single reference star used, but that this depends on the star-mask alignment of
the reference observation being closer to that of a given science observation than the two sci-
ence roll images are to each other. In the background-limited regime, we find that the inclusion
of additional science targets as PSF references further improves the sensitivity. We note that
the masking applied to prepare the science observations for use as PSF references (described in
Section 2.3.1.2) was critical to allow the maximum number of references to be useful without
generating subtraction artifacts. Further contrast sensitivity improvements may be possible by
incorporating PSFs into the reference library from other NIRCam coronagraphic surveys, includ-
ing JWST GOs 4050 and 5835 (PI Carter) and GO 6005 (PI Biller), however these data were not
publicly available at the time of our analysis.

We note that we chose to have larger slews between adjacent observations (occasionally
2 50°) in order to group target observation sequences by similar spectral type. Due to the excep-
tional thermal stability of the observatory, these slew distances did not have a significant effect
on the WFE drift between adjacent observations [147], and therefore did not adversely affect the

PSF subtraction quality.
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2.5.3 Caveats & Limitations

There are several as-yet undiscussed factors which add uncertainty to our results. The first
is that we rely on a single, cloud-free model grid (BEX-pet 1t CODE [58]) for predicting the
photometry of planets below 2 My,,, which may not accurately reflect their physical conditions.
Comparisons to models which include clouds (e.g. BT-SETTL [173]) and/or disequilibrium
chemistry ([e.g. ATMO 2020-NEQ [152]) would provide a more complete picture of the possible
planet parameters compatible with a given detected source. However, no atmospheric models
currently exist which include self-consistent prescriptions for both clouds and disequilibrium
chemistry simultaneously, especially near or below effective temperatures of 150 K.

Furthermore, the BEX-pet 1t CODE model grid has a low temperature limit of 150 K,
while we demonstrate that JWST NIRCam coronagraphy is sensitive to planets significantly
fainter, thus lower mass and presumably colder than can currently be modeled. We have per-
formed a basic extrapolation (linear in log space) to be able to visualize the most likely accessible
planet masses in our survey (see Figure 2.9). Around the faintest and youngest target in the GTO
1184 sample (2MJ 0443), we achieve model predicted sensitivity to planets comparable in mass
and separation to Neptune in our Solar System. These results reveal that extensions to exoplanet
evolution and atmosphere model grids that include the relevant physics for ice-giant like planets
at temperatures <150 K are needed to fully interpret NIRCam’s sensitivity.

We also note that our differentiation between point-like and extended sources was per-
formed by inspecting PSF fit residuals by eye, rather than by an explicit quantitative metric. The
ability to quantify the “extendedness” of a given source is being implemented into spaceKLIP

at the time of writing, and will be useful to better rule out extended sources in the future.

68



We reiterate that we reduced our SNRE threshold to yield the detection of several F356W
dropout sources. As our background noise is approximately gaussian, one would expect 1 in
15800 pixels to produce a noise fluctuation above a 40 level. The field of view of the entire
survey is 799313 pixels, so we expect that ~ 50 individual pixels would achieve an SNRE of 4.
However, we convolve the data with a tophat filter of the size of the PSF (FWHM of 2.3 pixels
for F444W) before calculating the SNRE. This has the effect of suppressing signals with a spatial
correlation narrower than the FWHM of the PSF. As the spatial correlation of the background
noise corresponds to a gaussian FWHM of 0.55 pixels, these statistical fluctuations are narrower
than the PSF and thus unlikely to contaminate our SNRE calculations or be visually confused with
PSFs. Furthermore, we have cross-checked each dropout source to ensure the signal remains
above SNRE 4 across multiple reduction strategies, we believe this chance is further reduced
(indeed several initial dropout candidates were ruled out this way) however nonzero. Given
our 40 F444W SNRE cutoff for these sources, lower limits on the F356W-F444W colors, and
the lack of diagnostic follow-up, we do not claim a definitive detection of a sub-Saturn-mass
exoplanet. However, these results indicate that deeper observations of 2M J0944 would provide
a more significant detection as well as better color limits, and they have been pursued in the
aforementioned GO 3840 follow-up observations.

As alluded to in Section 2.5.1, both the small sample size of the GTO 1184 survey and
the presence of parametric degeneracies in the occurrence model prevent us from definitively
determining whether the separation distribution of sub-Jupiters at wide orbits (beyond 10 AU)
follows a log-normal or log-flat distribution. The effect of the small sample size is self-evident,
and we note explicitly that even if the sub-Jupiter candidate 2M J0944 were confirmed, we would

still need more high-contrast imaging observations to meaningfully constrain the occurrence rate
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of sub-Jupiters beyond 10 AU. Regarding degeneracies in the model, currently both the peak
amplitude of sub-Jupiter frequency (at 4 AU in either case) and the shape of the separation dis-
tribution’s wide-orbit tail are ill-constrained by observations. The frequency for the log-normal
distribution is predicted to be 0.18 objects per star across separations from 1-100 AU. Assuming
the same frequency within 10 AU but transitioning to a log-flat distribution beyond 10 AU results
in approximately triple the expected sub-Jupiters at wide orbits. Thus, if we measure a frequency
of wide-orbit sub-Jupiters to be significantly higher than expected from the log-normal distribu-
tion case, we might deduce that the underlying population must indeed have some extended tail.
However it could also be explained by the sub-Jupiter population at all separations being elevated,
but still having a log-normal separation distribution. [97] summarizes ~20 years of microlensing
data from the Optical Gravitational Lensing Experiment (OGLE), finding that each microlensing
star hosts 1.4:’8:2 ice giants (with semimajor axis 5-15 AU and planet-star mass ratios ranging
from 107 to 3.3 x 1072) on average. To confidently differentiate between the two wide-orbit
demographic models, we will need stronger constraints on the sub-Jupiter population in the inner
(1-10 AU) separation region around M dwarfs, which are expected to be provided by exoplanet
discoveries from the Roman Galactic Bulge Time Domain Survey [174,175] and Gaia astrometry

in the next several years [106].

2.6 Summary & Conclusions

We present results from JWST Cycle 1 GTO Program 1184, designed to survey a carefully
selected sample of very nearby, young, M dwarfs with JWST NIRCam Coronagraphy at 3 - 5

pm wavelengths to search for sub-Jupiter mass planets on wide orbits. The key approaches and
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results of the survey are as follows:

* We chose very nearby, young, low-luminosity M dwarfs as targets to access planets and
disks at Solar System-like separations and achieve very deep planet mass sensitivity in

contrast limited observations;

* We used the standard high-contrast imaging post-processing approach of KLIP RDI and the
open source software package spaceKLIP to construct optimized PSF references using
the science target observations (a self-referenced survey). This approach allowed us to
perform an efficient survey while reaching contrasts consistent with other JIWST NIRCam

observations that observed dedicated PSF references;

* Our observations and post-processing approach result in reduced images with typical model
derived sensitivities to Saturn-mass planets at Saturn like projected separations (9.5 AU).
For some targets, the sensitivities push down to approximately the mass of Neptune at =10
AU, based on the extrapolation of existing model grids. We are able to rule out companions

with masses 2 0.3 My, in the 10s of AU region around each of the 9 target stars;

* While our model derived mass sensitivities are the deepest yet achieved via direct imaging
observations, we note that the GTO 1184 observations are sensitive to masses below the
lower limits of the available planet evolution model grids at the young ages of the targets.
The models need to be extended to lower masses (cooler temperatures) to fully explore the

available parameter space without extrapolation;

* We tentatively identify a marginally detected source, 2M J0944 P1, that has a 3-5 ym pho-

tometric color limit consistent with the expectation for a ~Saturn-mass planet. For this
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source, we estimate low probabilities of background contamination by stars, field brown
dwarfs, or galaxies. In a future publication, we will present a proper-motion analysis of re-
cently collected follow-up NIRCam coronagraphic imaging data to either confirm or refute

the association of 2M J0944 P1 with 2M J0944.

* We also place the survey results in context with planet population models in three different
mass regimes. In particular, we place the first occurrence rate constraints on wide-orbit,
sub-Jupiter (semimajor axes 10-200 AU, masses 0.3-1 My,,) exoplanets around M dwarfs
to be < 0.10 and < 0.16 objects per star with 1- and 3-0 confidence respectively, assuming

the Meyer 2025 (in prep) population model;

* Finally, GTO 1184 allowed for the first detection of the well studied AU Mic debris disk
at 3-5 pum [137] and the first reflected light detection of the faint disk associated with

Fomalhaut C [138].

The execution and analysis of GTO 1184 survey data has further demonstrated the un-
precedented sensitivity of JWST NIRCam coronagraphy and its potential to advance exoplanet
science. The search for wide-separation planets in young M dwarf systems provides insight into
the broad population of their exoplanets from the inner regions to outer reaches of these systems.
The deep, wide-orbit constraints provided by GTO 1184 also provide context for the orbital and
thermal evolution of the inner and potentially habitable planets of these systems. With several
larger JWST surveys currently planned to search for planetary companions of young, low-mass
stars, e.g. GO 4050/5835 (PI Carter), GO 6005 (PI Biller), GO 6122 (PI Bowens-Ruben), GO

8826 (PI Lawson), we have entered a new regime of direct sub-Jupiter imaging with JWST.
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2.7 Ancillary Information

2.7.1 Flux Maps

In our primary analysis, we use the SNRE maps as the key diagnostic tool, however
the measurement of per-pixel noise and individual source photometry is done in units of flux
(MJy/steradian). In Figure 2.13 we show the images of each target in the F444W filter for refer-
ence, and the SNRE maps of each target can be found in Section 2.4.

In Figure 2.14, we show the images of each target in the F356W filter (in flux units) for

reference. The SNRE maps of each target can be found in Section 2.4.

2.7.2 Individual Sensitivity Curves

For brevity, we displayed the survey median contrast sensitivity curves in Section 2.4.1, and
here in Figure 2.15 we show the results for each target individually. We achieve the background
limited sensitivity at a separation of approximately 2.5 for each target, with the exceptions of
AU Mic (due to its bright disk) and TYC 5899 (due to a bright off-axis source at ~3”). The
background-limited contrast is shallowest for the latest-type M dwarfs, as their intrinsic lumi-
nosities are the lowest while the background level is roughly constant across the targets.

In Figure 2.16 we show the 5o sensitivity limits in units of apparent magnitude for each
target. We achieve a typical background-limited flux sensitivity of ~ 21.5 in F444W and ~ 22.5
in F356W. However the sensitivity is shallower for AU Mic due the use of the SHALLOW?2
detector readout pattern for that target, as opposed to the MEDIUMS pattern which was used for

the rest of the targets.
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2.7.3 Candidate Photometry

In Section 2.4.2, we show the best-fit parameters for each source in each filter using ei-
ther the spaceKLIP or semi-independent least-squares PSF fitting methods, as occasionally the
spaceKLIP method failed to converge or produced erroneous results. Here in Tables 2.6 and

2.7 we show the results for each method in filters F444W and F356W respectively, for reference.

2.7.4 Extended Source Catalog

In Table 2.8 we show the list of extended sources identified in the GTO 1184 survey, with
their approximate location and peak SNRE in each filter. While most of the sources are clearly
visibly extended in the data, some were identified as extended only after the observation of a

halo-like or extended structure in the residuals when fitting a point-like PSF.
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Figure 2.13: Flux maps of all targets in GTO 1184, in the F444W filter. All observations were
reduced with RDI using the full library of reference PSFs. Point-like and extended sources are
labeled in the images (with names beginning with “P” and “E” respectively), and the point-like
sources are magnified in the image insets. Extended background sources are abundant in the
survey, and the edge-on disk of AU Mic is clearly detected.
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Figure 2.14: Flux maps of all targets in GTO 1184, in the F356W filter. All observations were
reduced with RDI using the full library of reference PSFs. Point-like and extended sources are
labeled in the images (with names beginning with “P” and “E” respectively), and the point-like
sources are magnified in the image insets. Extended background sources are abundant in the

survey, and the edge-on disk of AU Mic is clearly detected.
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Figure 2.15: 50 sensitivity curves for each target star in the F444W filter (red lines) and F356W
filter (blue lines). The sensitivity is given in units of flux contrast in the lower panel. The coro-
nagraph inner working angle (IWA) is shown in the gray dashed line, and the separations where
only partial coverage exists due square framed observations at multiple roll angles is shown by
the gray shaded region. We demonstrate extremely deep limits in absolute flux at close angular
separations.
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Figure 2.16: 50 sensitivity curves for each target star in the F444W filter (red lines) and F356W
filter (blue lines). The sensitivity is given in units of apparent magnitude in the lower panel. The
coronagraph inner working angle (IWA) is shown in the gray dashed line, and the separations
where only partial coverage exists due square framed observations at multiple roll angles is shown
by the gray shaded region. We demonstrate extremely deep limits in absolute flux at close angular
separations.
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F444W spaceKLIP
Target Source SNRE RA Dec  Flux [mag] SNR
AU Mic Pl 721 | 5.05770014 951001l 18 94701 7 68
HIP 17695 Pl 4.84 - - - -
TYC 5899 Pl 68.69 | 0.74570007  3.03110007  14.63410001 75.11
P2 1712 - - - -
Fomalhaut C Pl 9.03 | 252170028  —4.219%0113  20.987017;  6.83
P2 576 | 299273912 10.2167001;  21.15370108 576
AP Col Pl 581 | 4.38570057  10.69270013  21.042701%  4.04
2M J0944 P1 4.02 | 6.098T001%  3.423100%  21.8427000%  3.91
2M J0443 Pl 9.28 | 231410018 —2.26470 011 21.28270158  4.08
P2 8.44 | —2.53710058 947575009 20.86570 092 5.96
F444W (cont’d) LSQ
Target Source RA Dec  Flux [mag] SNR | Method
AU Mic Pl 5.0527009  —2.511799%  18.76573015  7.59 | sklip
HIP 17695 Pl | —0.28110007  —5.83710005  22.481102%%  1.64 | Isq
TYC 5899 P1 0.748f§;§§£ 3.034t§;§§£ 14.644t§;§§§ 50.95 | sklip
Fomalhaut C  PI 2.489t§;§§§ —4.197t§;§51)§ 21.082f§:§§§ 4.98 | sklip
P2 2.95170:042 10.203+0014  21.1147005¢ 4,67 | sklip
AP Col Pl 4.34910-057 10.71998  20.6731012%  4.85 | sklip
2M J0944 P1 6.08679:016 340279022 9204470191 2.47 | sklip
2M J0443 Pl 2.311t§;§§ —2.259t§;§éé 20.678t§;§§§ 5.94 | Isq

Table 2.6: Photometric and astrometric results for each off-axis source in the F444W filter, using
both the spaceKLIP and LSQ PSF fitting methods as described in Section 2.3.2. We show the
peak SNRE and preferred fitting method, as well as the best-fit relative right ascension, relative
declination, flux, and PSF fit SNR using each method. In cases where a PSF fit failed, or was not

performed for F356W dropout sources, a dash is displayed.
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F356W spaceKLIP
Target Source SNRE RA Dec  Flux [mag] SNR
AU Mic Pl 9.26 | 5.0657001% —2.50370 008 19.20370118  7.89
HIP 17695 Pl -0.39 - - - -
TYC 5899 Pl 6846 | 0.74270007  3.03310007  14.8041000¢  68.02
P2 1217 - - - -
Fomalhaut C Pl 541 | 248370018 418470013 21.688T0111  5.84
P2 459 | 29967003  10.23570050 21.997T013 4.1
AP Col P1 539 | 4.345T0019  10.714739%  21.82870212 3,72
2M J0944 Pl 2.98 - - - -
2M J0443 Pl 6.45 - - - -
P2 7.99 | —2.5487504 9 47710014 21 44470083 709
F356W (cont’d) LSQ
Target Source RA Dec  Flux [mag] SNR | Method
AU Mic Pl 5.0547001%  —2.503799%  19.00673%1  8.96 | sklip
HIP 17695 Pl - - - - -
TYC 5899 Pl 0.745t§;§§£ 3.036t§;§§£ 14.735%3& 48.57 | sklip
P2 | —1.9827000s —9.10270008  20.003%504 1138 | Isq
Fomalhaut C  PI 2.506t§;§§ —4.182t§;§§ 21.789t§;?§§1 4.59 | sklip
P2 2.96570031 1020670920 21.798*0114  4.38 | sklip
AP Col Pl 4.3467001  10.74730%8  21.12670108  4.60 | sklip
2M J0944 P1 - - - - -
2M J0443 Pl 2.299t§;§§§ —2.262t§;§%§1 21.334t§;(}§§ 5.84 | Isq

Table 2.7: Photometric and astrometric results for each off-axis source in the F356W filter, using
both the spaceKLIP and LSQ PSF fitting methods as described in Section 2.3.2. We show the
peak SNRE and preferred fitting method, as well as the best-fit relative right ascension, relative
declination, flux, and PSF fit SNR using each method. In cases where a PSF fit failed, or was not

performed for F356W dropout sources, a dash is displayed.
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Target Source | Separation [’] Peak SNRE
RA Dec | F356W F444W
AU MIC El 1.038 -3.241 25.62 21.38
E2 -7.394  -7.960 19.47 16.16
E3 -4.751 -9.408 4.00 6.85
HIP 17695 E1* -8.338 4.814 21.74 15.22
G 734 El 10.100 -1.227 37.42 42.88
E2 -5.632 -7.268 36.43 50.65
TYC 5899 El -8.716 2989 | 17244 197.97
E2 4499 6.073 11.88 17.25
FOMALHAUT C El -4.688 -2.674 39.28 40.45
E2 5.192 -3.744 4.95 5.91
E3 8.275 2.674 1.92 7.35
AP COL El 3.870 -9.219 66.09 69.82
E2 -1.227  2.612 8.13 3.70
E3 5.506 0.535 5.04 -0.02
2M 10944 El 3.807 -8.841 5.80 6.75
LP 94420 El 8.904 2486 | 164.04 168.94
E2 8.716 -4.059 90.56 65.23
E3 -6.136  5.947 17.77 28.42
E4 1.668 -2.737 26.83 20.63
E5* 3.618 9.030 9.92 13.36
2M J0443 El 4877 4.877 | 195.68 189.98
E2 2.863 4.688 28.97 36.78

Table 2.8: We detected 22 extended sources across the 9 targets in the GTO 1184 survey, as
labeled in Figures 2.5, 2.6, 2.13 and 2.14. As our study is focused on point sources likely to be
substellar companions, here we report only the approximate relative position to the target star
and peak SNRE in F356W and F444W. The starred sources (HIP 17695 E1 and LP94420 ES) are
affected by data wrapping at the edge of the field of view, and thus the relative position is likely

€rroncous.
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Chapter 3: JWST NIRCam Follow-Up of a Directly Imaged Planet Candidate

Associated with the Young M Dwarf 2M J0944

3.1 Introduction

Giant planets contain the largest repositories of mass, angular momentum, and volatile
materials in their host planetary systems, aside from the host stars themselves. As a result, they
are key to understanding the formation and dynamical histories of planetary systems. In our
own Solar System, numerical simulations have demonstrated the key role of Jupiter in sculpting
the early protosolar environment, reshaping the protoplanetary disk, triggering multiple epochs
of planetesimal formation [176], and possibly explaining the low mass of the terrestrial planets
[9]. The discovery of the first exoplanet, a 0.46 Jupiter-mass planet orbiting a Sun-like star
with a period of 4.23 days [3], raised myriad questions about planet migration and formation
mechanisms which continue to be explored via the analysis of exoplanet occurrence rates and
atmospheric composition [177].

[178] identified a positive correlation between the presence of super-Earths and gas giants
in high metallicity FGK systems, but not in low metallicity FGK systems. In [179], they extended
this study to include M dwarf systems, again finding more giant planets generally in metal-rich

systems, but no correlation with the presence of super-Earths, suggesting that the simultaneous
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formation of super-Earths and giant planets is suppressed in low-mass disks. Occurrence rate
analyses from [180] showed that systems with small planets are more likely to have distant (be-
yond 3 AU) or less massive (less than 120 Earth masses) companions than to have nearby or
more massive companions, implying that the presence of Jovian planets between 0.3-3 AU could
suppress the formation of small planets.

Planet formation models fall generally into the category of either core accretion [17] or
direct gravitational collapse [22], which produce different predictions for the formation temper-
ature of planets as a function of mass [86]. The observation of planetary systems across a range
of ages, most notably as the planets cool over the first billion years [85], would provide critical
constraints on the dominant formation mechanisms present [26,32,84,87]. The masses and atmo-
spheric compositions of many mature (> 1 Gyr) planets and brown dwarfs have been measured
by transit spectroscopy combined with radial velocity measurements [181-185].

The study of giant exoplanets via direct imaging provides unique advantages for the char-
acterization of their orbits and atmospheres. The detection of photons originating directly from
the planet significantly mitigates dependence on the host star modeling, and the increase in sen-
sitivity with planet-star separation provides access to the widest outskirts of exoplanet systems,
where the atmospheric evolution is less perturbed by stellar irradiation [186—188]. In addition,
the technique is more sensitive to planets with “face-on” orbits (corresponding to an orbital in-
clination near 0 degrees), which are missed entirely by transit surveys and difficult to detect
via the radial velocity method (as the signal amplitude is proportional to the sine of the inclina-
tion). While ground-based direct-imaging surveys such as SHINE and GPIES have typically been
limited in sensitivity to planet masses greater than that of Jupiter [31, 168], coronagraphic obser-
vations with JWST NIRCam and MIRI have routinely demonstrated sub-Jupiter-mass sensitivity
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in young (< 1 Gyr) systems [189, 190].

At the time of writing, 45 young exoplanets have been discovered via direct imaging [7],
and all have masses above 2 Mjy,,. The exoplanet candidate TWA 7b stands as the single directly
imaged companion with a mass below 1 My, [190, 191], providing a possible missing link in the
data needed to ground atmospheric evolution models. Thus, the detection and characterization of
benchmark young sub-Jupiters is a high priority for current observers.

In previous work ( [1] hereafter “B25”), we surveyed nine nearby, young M dwarf sys-
tems with JWST NIRCam coronagraphy during JWST Cycle 1. These observations achieved
a median 50 contrast sensitivity deeper than 10~° at a separation of 1”, corresponding to 0.20
MJup in F444W and 1.30 MJup in F356W at planet—star separations of 10 au. Furthermore,
we reported the marginal detection of a point source (hereafter “P1”) in the vicinity of the M
dwarf 2MASS J09445422-1220544 (hereafter 2M J0944, other catalog names include G 161-71
and NLTT 22503). The star’s age has been determined from likely association with the Argus
comoving group [123,192] to be 5073, Myr [121, 133], and its distance from Gaia Data Release
3 (DR3) to be 13.150 £ 0.006 pc [131]. Assuming that bound companions have the same age
and distance as the host star, we referred to the cloud-free model grid (BEX-pet 1t CODE, [58])
to determine the expected flux of a young exoplanet associated with 2M J0944. We thus found
that the measured flux of P1 in F444W (21.84210 0% mag) and the F356W-F444W color limit
(> 1.02 and > 2.21 with 30 and 1o confidence respectively) were consistent with the predictions
for a sub-Jupiter-mass companion with a projected separation of 93 au. If confirmed, this object
would be a critical benchmark planet for atmospheric studies, thus time was awarded in Cycle 2
to re-observe 2M J0944 along with the M star AP Columbae (hereafter “AP Col”) as a reference.

This paper presents the follow-up observations of 2M J0944 with the aim of confirming
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or refuting P1 as a bona fide exoplanet. § 3.2 summarizes the original observations taken in
Cycle 1 and the follow-up observations executed in Cycle 2. § 3.3 describes the methods used
to reduce and analyze the data. § 3.4 presents the reduced images, a summary of all sources
detected in the vicinity of 2M J0944 in both epochs, and an analysis of the relative motion of any
sources detected in both epochs. § 3.5 discusses the possible artifactual or astrophysical nature of
the various sources detected and presents lessons learned for future direct imaging searches for

exoplanets. Finally, § 3.6 summarizes our findings.

3.2 Observations

The initial observations of 2MJ0944 were completed on November 27, 2022 (hereafter re-
ferred to as “Epoch 17), consisting of JWST NIRCam images with an exposure time of 30 minutes
(17 integrations per exposure) in F444W and 15 minutes (8 integrations per exposure) in F356W
using the M335R coronagraphic mask, 10 groups per integration, and the MEDIUMS readout
pattern as defined in the NIRCam Detector Readout Patterns page of the JWST User Documen-
tation. The exposures were repeated for two roll angles in each filter separated by 10 degrees. As
P1 was marginally detected with a signal-to-noise ratio per resolution element (SNRE) of 4.02 in
F444W, we re-observed 2M J0944 in Cycle 2 with double the exposure time (34 integrations per
exposure in F444W and 17 integrations per exposure in F356W) again repeated at two roll angles
separated by 10 degrees, using the M335R coronagraphic mask, 10 groups per integration, and
the MEDIUMS readout pattern. Based on the previous detection and the increase in exposure
time, we expect to detect P1 in this dataset with an SNRE of 5.69 in F444W. We also observe AP

Col with a nine-point small-grid dither [172] for use as a reference during stellar point-spread
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function (PSF) subtraction. The Epoch 1 data was reduced using a library of 6 reference PSFs,
however because the source of interest is separated from the target star by 5.837 arcseconds, the
signal is not within the region dominated by stellar PSF speckles and thus a wide diversity of PSF
references is not expected to be needed to recover the signal.

For both the science and reference observations, we make use of the simultaneous long- and
short-wavelength observation mode which was not available in Cycle 1, thus we also receive data
in the F200W filter with a total exposure time of 3 hours (102 integrations with 10 groups each
in the MEDIUMS detector readout pattern) split across the two roll angles. As the field of view
(FOV) of the short wavelength detector extends only to 5 arcseconds, we do not expect P1 to be
observable in the F200W data, however it is possible that a circumstellar disk may be detectable
at this wavelength, if one is present, as such disks are typically much brighter at F200W than at
F444W [189, 193]. The possibility of serendipitous disk detection thus provides significant sci-
entific benefit with no exposure time “cost” to the observatory. All follow-up observations were
executed successfully on January 9, 2024 (hereafter “Epoch 27), providing a temporal baseline

of 408 days between the Cycle 1 and Cycle 2 programs.

3.3 Data Reduction & Analysis Methods

We follow in general the procedure for calibration, PSF subtraction, and off-axis source

analysis used in B25 with some differences detailed below.
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3.3.1 Preprocessing

As in the B25 data analysis, we use the community-developed python package spaceKLIP
[149] for the “preprocessing’ steps, which include wrappers for the official jwst pipeline detector-
level (stage 1) and instrument-level (stage 2) calibration steps [148], as well as additional steps
for bad pixel correction and frame alignment. However, several updates to spaceKLIP and to
the pipeline configuration were made in between data reductions which affect the preprocessing.

During stage 1 processing, the data quality (DQ) flags are initialized to track which pixels
are saturated, hot, or otherwise unfit for use. Approximately one in 1000 NIRCam pixels are
known to exhibit exponential rather than linear responses to incident photons, and are flagged as
resistor-capacitor (RC) pixels [194]. In this reduction, we opted to flag those RC pixels which
also have high dark current as “saturated” pixels using the f1ag_rcsat keyword in the stage 1
pipeline step, which provided a noticeable improvement in the flagging of several patches of bad
pixels missed by the previous pipeline version.

Also in stage 1, the measurement of pixel count rates is enabled by the NIRCam detector’s
non-destructive readouts. The counts in each pixel, containing the sum of the astrophysical sig-
nal, read noise, and photon noise, are read multiple times “up the ramp” as photons are collected
in an integration, and a slope describing the average count rate can be fit to this curve. In the
B25 data reduction, we used the optimal weighting least-squares fit (OLS) by default [195, 196].
The OLS algorithm weighs each point along the ramp based on the relative amount of read noise
versus photon noise in that point. However in the new reduction we use the likelihood algorithm
recently added to the jwst pipeline and detailed in [197]. This algorithm operates on the dif-

ferences between each subsequent point rather than on the points themselves, and calculates a
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covariance matrix for the sequence of readouts to determine the maximum likelihood ramp slope
with higher precision than possible with OLS. The likelihood algorithm is also applied to the
“jump detection” step to determine which readouts are contaminated by cosmic rays (CRs) or
other acute noise events [198]. This is done by comparing the x? value of ramp fits with every
readout included to those with individual readouts excluded from the fit. If the exclusion of a par-
ticular readout results in a significantly improved 2, that readout is flagged as a jump location
and the ramp slope is calculated without it.

Stage 2 processing, which includes background subtraction, flat field corrections, WCS co-
ordinate calculation, outlier detection, and the unit conversion from detector counts to astrophys-
ical flux, was performed using the default pipeline settings identical to the B25 data reduction.

As in the B25 data reduction, we used a combination of the pipeline-generated DQ array,
custom bad pixel maps containing manually flagged CR hits, and sigma clipping to identify
which pixels to mask and replace before PSF subtraction. However in this data reduction we
implemented the cleaning iteratively, flagging and subsequently cleaning pixels using a single
identification method, rather than flagging pixels using each of the methods and then replacing
them all at the end (as in the B25 data reduction). This reduced the size of individual patches of
bad pixels that needed replacement values to be generated by 2D interpolation, thus improving
the quality of pixel replacement. During each cleaning iteration, we first identified pixels which
were only bad in some integrations within an exposure, and we replaced those pixels with the
median value of the good quality integrations in the associated pixel location. We then used 2D
interpolation with a window size of 9x9 pixels to replace pixels that were bad in every integration

of an exposure.
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The version of spaceKLIP!' used in our final data reduction pipeline contains improved
modules for locating the position of the target star and coronagraph centers in each frame. There
was also an update to allow the realignment of the data, such that the stellar PSF is in the same

pixel location in each frame, without data wrapping around the edges of the array during shifting.

3.3.2 PSF Subtraction

To remove the starlight that is not suppressed by the coronagraphic masks, we employ
Karhunen-Loeve Image Processing (KLIP, [199]), an implementation of principal component
analysis provided in pyKLIP [150] and wrapped by spaceKLIP. In principle, this method
reconstructs an empirical model of the stellar PSF using a finite number of basis images referred
to as “KL modes”. We use both reference differential imaging (RDI, [69]) in which observations
of similar stars are used to model and subtract the stellar PSF, and angular differential imaging
(ADI, [65]) where exposures of the science target at multiple roll angles are used to differentiate
astrophysical sources from the stellar PSF. The combined approach, denoted “ADI+RDI”, is
achieved by reducing each roll angle of the science data separately, including both the reference
observations and the alternate science roll image in a library of reference PSFs. Then the two
PSF-subtracted images are derotated and averaged together to produce the final result. In the B25
data reduction, we used the RDI-only PSF subtraction method with a library of 6 reference stars
(HIP 17695, G 7-34, AP Col, LP 944-20, and 2MASSI J0443376+000205) and 6 KL modes, as
this provided the best sensitivity in the small-separation (< 3 arcseconds) region. In Epoch 2
however, we used only the dedicated reference target AP Col, which was observed using a small

grid dither to obtain a diversity of PSFs. As our source of interest is widely separated (> 5")

!Specific code version is linked in the acknowledgments.

&9



from the target star, we found that ADI+RDI with 50 KL modes resulted in the best performance

for the purpose of this study.

3.3.3 Contrast Analysis and Source Fitting

Due to the complex PSF subtraction process, the sensitivity of the observation must be
determined by the injection and recovery of simulated sources. We calculate the flux contrast of
an off-axis source relative to the star that could be detected with a signal-to-noise ratio (SNR) of
five, equivalent to a false alarm probability of 2.9 x10~7. We refer to this metric as the 50 flux
contrast sensitivity, and calculate it as a function of angular separation from the target star using
the modules provided by spaceKLIP as described in B25.

The photometry and astrometry of off-axis point sources are also determined by the in-
jection and recovery methods contained in spaceKLIP. As in the B25 data reduction process,
an off-axis PSF model is generated at the approximate planet-star separation of the source of
interest, modified by the same KLIP subtraction algorithm applied to the observation, and fit to
the data using a Markov-Chain Monte Carlo (MCMC) approach. A new feature in spaceKLIP
affecting this step in the new reduction pipeline is the capability to fit extended sources. The “ex-
tendedness” of a source is approximated by convolving the point source PSF with a 2D Gaussian.
The standard deviation of the Gaussian distribution along the major and minor axis (o, and o)
of the ellipse, as well as the angle of the major axis in the plane of the sky, are added as additional
parameters which can be forward-modeled and fit by the MCMC process. As low SNR sources
or sources with high background variation tend to bias the fit towards erroneously large o, and

oy, we opt only to allow extended PSF fitting in cases where the source is well-detected.
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We quantify the uncertainty on the astrometric measurements by repeating the MCMC fit
10 times. If the standard deviation of the best-fit astrometry is less than the error reported by the
MCMC fit itself, we assume the reported error is accurate. However if this is not the case, we
adopt the scatter of the best-fit astrometry as a more accurate description of the uncertainty. To
this uncertainty we also add in quadrature a factor of 3 mas to represent the error in our knowledge
of the star position behind the coronagraph mask and 20 mas as an approximation of errors due
to plate scale distortion at wide (> 5”) separations.

As the photometric fits for extended sources tend to be overestimated by the MCMC chain,
and the extended sources we detect in these observations are widely separated from the target
star, we measure the flux of these objects instead using an aperture photometry method based on
that described in Section 3.5 of [117]. We use the python package STPSF (formerly WebbP SF,
[200]) to generate an off-axis point-source PSF model and measure the multiplicative correction
factor needed for a given finite aperture radius. We add a second correction factor to account for
changes in flux due to the KLIP algorithm by applying the KLIP throughput calculated during the
flux contrast sensitivity analysis at the separation of the source. We measure the flux within the
aperture and multiply by both the aperture correction factor and KLIP throughput factor to get
the total flux from the source and background. We then measure a sample of background fluxes
in an array of non-overlapping apertures with the same radius arranged in an annulus surrounding
the source with a radius of three times the aperture radius, and correct for aperture size and KLIP
throughput. Finally, we take the mean of the background fluxes as the background flux which is
subtracted from the source flux, and take the standard deviation of the fluxes as the 1o noise level.
In the case of point-source non-detections, we use this noise level to represent the 1o upper limit

on the flux of the source, and we use triple that flux value as the 3o upper limit. In calculating
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the noise level from aperture photometry for the various non-detection cases, we find that they
generally agree with the expectations from the contrast sensitivity at the same separations. For
each of the extended sources, we measure the photometry using a range of aperture radii (0.1, 0.2,
0.3, 0.4, 0.5, 0.6, and 1.0”), and report the results for the smallest radius at which the measured

flux stops increasing with radius size.

3.3.4 Rereduction of Epoch 1 Data

As several aspects of the reduction process have changed between the initial analysis of the
Epoch 1 data and that of the follow-up data, we have rereduced the Epoch 1 observation of 2M
J0944 with the Epoch 1 reference library and the updated pipeline to ensure that any detected
photometric or astrometric variation between the two epochs is astrophysical in origin.

The key change between the two reductions of the Epoch 1 data is in the selection and
treatment of reference observations. In B25 we used the stars HIP 17695, G 7-34, AP Col, LP
94420, and 2M J0443 as a library of references for 2M J0944, and we masked off-axis sources
in the reference images by replacing the affected pixels in a given image with the median value
of those pixel locations in the unaffected reference images. However, this did occasionally result
in artifacts due to the varying brightness of the stellar PSF in different reference observations.
In the new reduction of the Epoch 1 data, we opt not to mask sources, and instead remove LP
94420 from the reference library due to its high number of bright contaminating off-axis sources

especially in the region of the field of view near source P1.
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3.4 Results

The primary result of our analysis is the non-detection of source P1 in either wavelength in
Epoch 2, and the removal of this source from consideration as a candidate exoplanet. In Figures
3.1 and 3.2, we show the results of the PSF subtraction for filters F444W and F356W respectively.
The top row shows the original reduction of the Epoch 1 observation presented in B25, the middle
row shows the new reduction of the Epoch 1 observation as described in § 3.3, and the bottom
row shows the Epoch 2 observation. Figure 3.3 shows the PSF subtraction results for the F200W
filter, which was only executed in Epoch 2. Due to the narrower field of view in this observation
(10" in diameter), we do not expect to detect P1 in F200W.

Each observation is shown in units of SNRE (calculated as described in B25) in the left
column, and in megajanskys per steradian in the right column. Each detected off-axis source is
labeled with a circle centered on the position in Epoch 1, and the target star location is marked
with a white star. The relative position, flux, SNR from PSF fitting, and SNRE for each source
in each filter at each epoch are reported in Table 3.1. Where only limits on the flux have been
reported, we show the 30 upper limit on the flux with the 1o upper limit in parentheses. As in
B25, we generally consider a point source with SNRE > 5 to be “robustly” detected, and a source
with SNRE between 4 and 5 to be “marginally” detected. The detections (or lack thereof) of each

labeled source are detailed below.

3.4.1 Source P1

The off-axis source P1 was originally flagged as a source of interest due to a marginal

detection with SNRE 4.02 in F444W and a non-detection in F356W, shown in the top row of
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Figure 3.1: PSF Subtraction results in the F444W filter. The top row shows the original reduction
of the Epoch 1 observation presented in B25, the middle row shows the new reduction of the
Epoch 1 observation described in § 3.3, and the bottom row shows the Epoch 2 observation.
Each observation is shown in units of SNRE in the left column, and megajanskys per steradian in
the right column. Each source observed in the Epoch 1 data is labeled with a circle centered on the
Epoch 1 position, and the target star location is marked with a white star. The source of interest
P1 is marginally detected in the original reduction with an SNRE of 4.02, which decreased to
3.37 in the new reduction, and was not redetected in Epoch 2. The extended sources E1 and E2
show clear motion relative to the target star, indicating likely background sources.
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Figure 3.2: PSF Subtraction results in the F356W filter. The top row shows the original reduction
of the Epoch 1 observation presented in B25, the middle row shows the new reduction of the
Epoch 1 observation described in § 3.3, and the bottom row shows the Epoch 2 observation.
Each observation is shown in units of SNRE in the left column, and megajanskys per steradian
in the right column. Each source observed in the Epoch 1 data is labeled with a circle centered
on the Epoch 1 position, and the target star location is marked with a white star. The source of
interest P1 is not detected at this wavelength in either epoch. The extended source E1 shows
clear motion relative to the target star, indicating a likely background source. Source E2 is faintly
present at this wavelength, and shows similar relative motion.
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Figure 3.3: PSF Subtraction results in the F200W filter at Epoch 2. The observation is shown in
units of SNRE in the left panel, and in megajanskys per steradian in the right panel. Source E2
is labeled with a circle centered on the Epoch 1 position in F444W, and the target star location
is marked with a white star. The source of interest P1, and the bright extended source E1 are
outside of the field of view. Source E2 is clearly extended at this wavelength, and shows motion
relative to the position of peak flux in Epoch 1. We note that the FOV of this observation is half
of the width of the F444W and F356W observations.
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Epoch Filter A RA [mas] A Dec [mas] Flux [mag] SNR  Peak

Src. SNRE
Pl 2022-11-27 F356W >22432 185 138
(> 23.625)
F444W 6.045+0.037  3.4784+0.035 22.223'0%!1 208  3.37
2024-01-09 F356W > 22.608 0.09  0.06
(> 23.801)
F444W > 22423 054 038
(> 23.616)

El  2022-11-27 F356W 3.780+0.032 —8.68740.064 20.075701%2 6.17  5.94
F444W 3.758 +£0.030 —8.729+0.030 20.04870%2 483  7.44

2024-01-09 F356W 4.246 +0.030 —8.712+0.030 20.190731%® 6.71  5.18
F444W 4.163 £0.029 —8.8514+0.030 19.6567017 6.31  8.08

E2  2022-11-27 F356W 1.796+0.051 —2.840+0.044 22.488%0BT 168 226
F444W 1.858 £0.032 —2.7394+0.032 21.343702% 482  3.05

2024-01-09 F200W 2.217+£0.029 —2.77240.030 22.92470%7 357  3.93
F356W 2.205+0.039 —2.90540.035 2242570270 456  4.29

F444W 2.277+0.039 —2.5944+0.044 21.62373337 3.02  4.56

Table 3.1: Source Catalog. We report the astrometry, photometry, SNR of the photometric fit,
and peak SNRE measured for each source identified in Figure 3.1, in the latest reduction of each
epoch and each filter. In the case of non-detections we show the 30 flux limit with the 1o limit
in parentheses. Source P1 was originally marginally detected with an SNRE of 4.02 in B25,
however in the latest reduction of the Epoch 1 data the SNRE decreased to 3.37, which is below
the threshold of what would be considered a source of interest. The source is not redetected at
all in Epoch 2. Source E2 was not originally reported in B25, however in Epoch 2 the source is
visible in all three filters, and some extended flux has been identified near the expected location
for a background object in Epoch 1.

figures 3.1 and 3.2. This resulted in a F444W flux measurement of 21.84270 023 mag and a 30
F356W-F444W color limit of 1.02 mag, which ruled out most stars and background galaxies as
possible contaminants. Assuming the same age (505, Myr) and distance (13.30£0.15 pc) as the
host star, these flux measurements also placed the source in a broad region of color-magnitude
space consistent with young sub-Jupiter mass exoplanets in the cloud-free BEX-petitcode
[58] atmospheric models. In the new reductions of the Epoch 1 data, shown in the middle row

of figures 3.1 and 3.2, we find that the SNRE of P1 is decreased from 4.02 to 3.37, which falls
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below the threshold of what we consider a reportable marginal detection. Furthermore, if P1 were
an astrophysical source, we would expect a redetection in Epoch 2 with an SNRE of 5.7 due to
the increased integration time. However, we report a complete non-detection with an SNRE of
0.38 and 0.06, corresponding to a 30 upper limit of 22.423 and 22.608 magnitudes in flux, at the
expected source location in F444W and F356W respectively. We must therefore conclude that P1
was not bound companion, but was an artifact, noise speckle, or astrophysical transient of some
kind. Possible sources of P1, as well as potential explanations for the reduction in signal between

the old and new reductions of the Epoch 1 data, are explored in § 3.5.

3.4.2 Source El

Source EI is a highly extended source robustly detected in both wavelengths, in both
epochs, and in both the old and new reductions of the Epoch 1 data. It was originally reported in
B25 with a peak SNRE of 6.75 in F444W and 5.80 in F356W. In the new reduction, the SNRE
is increased to 7.44 in F444W and 5.94 in F356W, and we measure a flux of 21.62370337 mag in
F444W and 20.07570 122 mag in F356W using an aperture size of 0.6”. In Epoch 2, the source
is redetected and measured to have a flux across the two epochs that is consistent within error
bars in F356W (20.1907011° mag). In F444W, the source is measured to be brighter in Epoch
2 (19.656 015 mag), however this is likely due to the close proximity of the source in Epoch
1 to the flux-attenuating neutral density (ND) square filter located in the bottom right corner of
the NIRCam detector subarray used for coronagraphic imaging. The suppression of flux in this
region would cause the source to appear dimmer in Epoch 1 than in Epoch 2, when the roll angle

of the observation results in a wider separation between the source and the ND square, and the

98



PSF being wider at longer wavelengths would cause the effect to be greater at F444W and possi-
bly negligible at F356W. The source position relative to the star is significantly offset to the east
between the two epochs, indicating that it is likely a background object. Therefore we perform an
astrometric analysis in § 3.4.5 to determine if the relative motion is consistent with that expected
of an extremely distant object (i.e. with no detectable parallax). Finally, we note that while the
SNR of the flux measurement increased as expected in F444W (from 4.83 in Epoch 1 to 6.31 in
Epoch 2), the SNR increased only slightly in F356W (from 6.17 in Epoch 1 to 6.71 in Epoch 2)
and the SNRE in fact decreased slightly from 5.94 in Epoch 1 to 5.18 in Epoch 2. We suspect that
this is due to a contaminating background object just outside the field of view to the southeast.
The contamination is brighter in F356W, and the source E1 is closer to the edge of the field of
view in Epoch 2, thus creating a higher noise background which affects the SNR calculations in

the Epoch 2 observation at F356W specifically.

3.4.3 Source E2

Source E2 was not originally reported in B25, as it had an SNRE <4 in both filters, and
displayed possible extended structure. However, in the Epoch 2 data, we detect a source at a
similar location with flux 21.808 0157 mag (SNRE 4.56) in F444W and 22.425"0210 mag (SNRE
4.29) in F356W. This prompts a reevaluation of the Epoch 1 data to determine if the faint flux
observed is possibly astrophysical in nature. Between the original and the re-reduction of the
Epoch 1 data, we find the SNRE of E2 is decreased slightly from 3.39 to 3.05 in F444W and from
2.33 to 2.26 in F356W. The increase in SNRE from Epoch 1 to 2 (from 3.05 to 4.56 in F444W

and from 2.26 to 4.56 in F356W) is however consistent with the expectation from the doubled
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integration time, the flux measurements in both filters are consistent between the two epochs, and
the astrometric offset between the two epochs is similar to that of source E1. Furthermore, the
source is visible (and visibly extended) at the expected location in the Epoch 2 F200W data (see
Fig. 3.3), with peak SNRE of 3.93 and flux from aperture photometry of 22.924052% mag. While
the detections of this source are only marginally significant, the fact that the source is visible in
every filter in Epoch 2 leads us to consider it a bona fide astrophysical source. We therefore elect
to use the centroid location of the flux observed in Epoch 1 to analyze the astrometry of E2 and
determine its consistency with a background object in § 3.4.5. We report the full results in Table

3.1.

3.4.4 Contrast Analysis

We compute the 5o contrast sensitivity as described in § 3.3.3, finding a contrast limit
in Epoch 2 of 7.16 x 107% at 1” and 2.39 x 107% beyond 3” in F444W and 4.63 x 107 at
1” and 1.33 x 107% beyond 3” in F356W as shown in the top and middle panels of Figure 3.4
respectively. We demonstrate improvement between epochs 1 and 2 in the background limited
regime (> 3”) on the order of /2, as expected due to the doubled integration time in Epoch
2. The improvement is more significant in the F356W filter, which is possibly due to lower sky
backgrounds (0.11 Mly/sr in F356W compared to 0.28 MlJy/sr in F444W during Epoch 2) as
measured using the JWST Backgrounds Tool [201]. These contrast curves further support the
interpretation of sources E1 and E2 as astrophysical in nature, given their increase in SNRE in
both filters between the two epochs. Furthermore, the contrast limits support the dismissal of

source P1 as an exoplanet candidate, given our increase in sensitivity at the separation of Pl
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Figure 3.4: Here we show the 5o contrast curves in the F444W, F356W, and F200W filters (top,
middle, and bottom rows respectively). The inner working angle is shown by the vertical dashed
line. The grey line shows the contrast achieved in the Epoch 1 observation, and the purple line
shows that achieved in the Epoch 2 observation. We can see a ~+/2 improvement between Epoch
1 and 2 in the contrast achieved in the background limited regime as expected for both F444W
and F356W. The deepest contrast is achieved in F200W due to the doubled effective integration
time as compared to the Epoch 2 F444W and F356W observations. The peaks in the contrast
curves within 2” are due to residuals located at the peaks of the stellar PSF lobes. We note
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(5.8") and lack of detection.

In the F200W filter, we achieve a contrast limit of 2.51 x 107¢ at 1” and 6.47 x 1077
beyond 3" (corresponding to 21.8 and 23.3 magnitudes respectively) as shown in the bottom
panel of Figure 3.4. The deeper contrast limit is due to the total exposure time of three hours

in this filter, as compared to the 1.5 hour exposures for the Epoch 2 observations in F356W and

F444W.

3.4.5 Astrometric Analysis

The astrometric measurements of sources E1 and E2 are analyzed by comparing to the
stationary background object model in backtracks [202]. This model interprets the parallax
(76.0509 £ 0.0336 mas) and proper motion (—331.327 +0.034, 40.177 £ 0.037 mas/yr in RA and
Dec) of the target star provided by Gaia DR3 and calculates the expected relative path of an object
with no observable parallax or proper motion (i.e. a extragalactic stationary object). Though E1
and E2 are extended sources and thus not considered possible planet candidates, to have a point
of comparison we also calculate the maximum expected displacement of the source due to orbital
motion. This is found by taking the projected separation to be the minimum physical separation
of the object and the target star, and calculating the orbital speed of a satellite at that separation
from the target. For this calculation we use a stellar mass based on the [203] evolutionary model
for pre-main sequence stars. We performed a linear interpolation of the model grid to find the
stellar mass to be 0.180 £ 0.003 M, based on the age of 50 Myr, and the 2MASS J-, H-, and
K-band apparent magnitudes of 8.496, 7.919, and 7.601 respectively [204]. We thus derived a

maximum displacement due to orbital motion of 20 mas for E1 and 34 mas for E2.
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Figure 3.5: Astrometric analysis of source E1 and E2 in the left and right panels respectively,
showing the change in relative right ascension (RA) and declination (Dec) between Epochs 1 and
2. The position of the source in Epoch 1 is shown by the black dot at position (0,0), the expected
position of the source in Epoch 2 is shown by the white dot, and the measured position of the
source in Epoch 2 is shown by the red dot. The solid black line shows the expected path of a
stationary background object at infinite distance, and the dotted gray circle shows the maximum
displacement of a point source expected from orbital motion (though for source El this circle
is approximately the same size as the Epoch 1 marker). We can see that both sources exhibit
displacement between the two epochs which is much more than possible from orbital motion.
We note that the change in RA for both objects is consistent with a background source, but there
is significant scatter in the change of declination.

Figure 3.5 shows the expected relative motion of a stationary background object via the
black lines for sources E1 and E2 in the left and right panels respectively, using the average
position across the F356W and F444W filters to account for possible systematic offsets between
the measurements in each filter. The position of the source in Epoch 1 is shown by the black dot
at (0,0), the expected relative displacement of the source in Epoch 2 is shown by the white dot,
and the measured position of the source in Epoch 2 is shown by the red dot. We also show the
maximum possible displacement of the source due to orbital motion by the dotted gray circle,

though for source E1 this circle is nearly the same size as the Epoch 1 marker.
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In Epoch 2, the measured displacement in RA of each source is consistent with that ex-
pected for the stationary background source, however there is high scatter in the declination
compared to the expectation.

The measured displacement of source El is separated from the expected position for a
stationary source by 101 mas, corresponding approximately to a 3o deviation from the model.
The displacement of source E2 from the expectation for a stationary source is more significant
(180 mas, corresponding to a 50 deviation), however the low SNR of signal at Epoch 1 leads
to this deviation being less credible. Both sources are displaced from the expectation from the
bound object model by over 400 mas (417 mas for E1 and 412 mas for E2) in the most favorable
case that the planet is traveling at the maximum on-sky velocity in the direction that minimizes
the discrepancy, which corresponds to a > 100 deviation. While this clearly demonstrates that
El and E2 are not bound objects in the 2M J0944 system, the astrometric measurements are
somewhat inconsistent with the background model as well, and possible explanations for this are

discussed in § 3.5.

3.5 Discussion

3.5.1 On the Possible Nature of P1

In the B25 reduction of the Epoch 1 data, we measured the flux of P1 to be 21.84270992
mag in F444W with SNR 3.91, and we measured the F356W-F444W color limit to be > 1.02
mag with 30 confidence (> 2.21 with 1o confidence). However, in the rereduction of the Epoch
1 data performed in this work we find the flux in F444W to be reduced to 22.22375:22) mag with

an SNR of only 2.08 and a F356W-F444W color limit to be > 0.21 mag with 30 confidence
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(> 1.40 with 1o confidence). Furthermore, we find a complete non-detection of P1 in Epoch
2, with associated 3o flux limits of 22.423 mag in F444W and 22.608 mag in F356W, and we
formally dismiss it as a planet candidate. Here we consider possible explanations for the source
identified in the B25 reduction of the Epoch 1 data.

Several astrophysical processes may contribute to the observed signal in Epoch 1 and the
non-detection in Epoch 2. We have ruled out contamination by cosmic rays (CRs) via a manual
inspection of each integration in the pre-PSF-subtracted images, as CRs affect only a subset of
integrations in a given exposure. Alternatively, an extragalactic transient source with decreasing
flux over time could explain the observations. The flux measurements provided in this work imply
areduction in F444W flux of at least 0.20 mag with 30 confidence (1.39 mag with 1o confidence)
over a period of 408 days. While the most common supernovae (type 1a) are expected to decline
by at least this rate following the time of maximum light [205], the JWST spectrum of type la
supernova 2021aefx in the nebular phase (> 200 days past maximum light) suggests that these
objects should be brighter at F356W than at F444W [206]. As we measure a F356W 30 flux
limit of 22.432 and 22.608 in Epochs 1 and 2 respectively, the type la supernova explanation is
considered unlikely. Alternatively, some exotic transients (e.g. kilonovae, [207]) are known to
be redder at these wavelengths, however these phenomena are so intrinsically rare as not to be
considered within the scope of this study. We also considered the possibility that P1 was an off-
axis source in one of the reference images which was injected into the science image during PSF
subtraction. We performed an ADI-only reduction of the Epoch 1 data and recovered the source
with a similar marginal SNRE, thus ruling out contamination by any reference observations.

Artifacts originating from NIRCam itself (such as warm or otherwise bad pixels) may have

contributed to the elevated flux, though it is difficult to diagnose the exact cause due to the faint-
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ness of the signal. Cumulative wavefront error (WFE) drift, as well as the periodic realignments
of the primary mirror to correct for it, may also induce changes to the optical path of the sys-
tem which affect sensitivity to faint sources over time [147]. The root-mean-square (RMS) WFE
was approximately 68 nm at the time of both observing epochs, however the second observation
epoch (January 9th, 2024) was just after three consecutive ‘tilt events’ causing RMS WFE spikes
above 100 nm and subsequent corrections which occurred in December 2023 (inspected using
STPSF [200]). While this results in a similar RMS WFE across the two epochs, the distribu-
tion of the errors across the detector, and thus the pattern of noise fluctuations, is altered. As
the original detection itself was marginal (SNRE of 4.02 in F444W), we noted in B25 that the
signal may be a high amplitude background noise fluctuation. Given the survey size, including
all nine M stars, of 799,313 pixels, we calculated that one would expect 50 individual pixels to
reach a spurious SNR of 4 of greater. However, our SNRE calculations were tuned to suppress
noise spikes which are spatially narrower than the PSF in a given observation in order to reduce
the confusion of noise fluctuations with faint PSFs. Regardless, the case of a high background
fluctuation masquerading as a faint point source remained a possibility. We can see in Figure
3.1 that there is a region of elevated background in the B25 reduction of the Epoch 1 data near
the original detection of P1 which may have amplified the flux of a noise peak to a marginally
significant level. The new reduction of the Epoch 1 data resulted in both a smoother background
in this region of the image, and a lower SNRE of P1 (3.37 in F444W), suggesting that the local

background level in the original reduction may have contributed to an erroneous detection.
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3.5.2 On the Possible Natures of E1 and E2

As the extended source El is robustly detected in both F444W and F356W, and in both
epochs, we confidently categorize it as a background galaxy. As noted in § 3.4.3, source E2 is ex-
tended and visible in all three filters in Epoch 2, particularly in F444W and F200W. There is also
emission in the approximate location expected for a background object in Epoch 1, particularly
in the F444W re-reduction. Considering the marginal detections of consistently extended emis-
sion in multiple epochs and filters, along with the apparent relative motion, we also consider E2
to be a background galaxy. To support these classifications, we compare the measured aperture
photometry of E1 and E2 with the NIRCam photometric catalog of extragalactic sources from
the GOODS-S deep field subsection of the JWST Advanced Deep Extragalactic Survey (JADES)
survey (K. N. Hainline et al. 2020; M. Curtis-Lake et al. 2024; B. E. Robertson et al. 2023)(D.
J. Eisenstein et al. 2023; M. J. Rieke et al. 2023). While in Table 3.1 we show the aperture pho-
tometry results using an aperture radius of 0.6” for E1 and 0.3” for E2, in Figure 3.6 we display
the photometric results for E1, E2, and all of the JADES sources using the 0.3” radius aperture
for direct comparison. We thus demonstrate that both E1 and E2 (the purple diamond and square,
respectively) are consistent with the red arm of the bright population of JADES galaxies (black
points) in each of the color-magnitude diagrams generated from our observed filters.

Assuming from the spatial extent and photometric analysis that both E1 and E2 are galaxies,
we would expect the relative astrometry to be consistent with that of a stationary object at infinite
distance as modeled by the solid black lines in Figure 3.5. However, we noted in § 3.4.5 that the
relative astrometry of E1 and E2 show a deviation from the expected path of 101 and 180 mas

respectively. There are several factors relating to the intrinsic nature of the sources and to the
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Figure 3.6: Here we compare the photometry of the extended sources E1 and E2 (shown by the
purple markers) with that of the extragalactic sources published in the JADES catalog (shown
by the black dots), demonstrating that both objects are consistent with the major population
of JADES galaxies. The photometric error bars are shown in both the color and magnitude
axes, but are sometimes smaller than the marker size. The top panel shows the F356 W-F444W
color-magnitude diagram, the middle panel shows F200W-F444W, and the bottom panel shows
F200W-F356W; and as the source E1 lies outside the field of view of the F200W observations, it
is only shown in the top panel.
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applied image processing technique which may contribute to the observed discrepancy.

In the case of El, the high angular extent of the galaxy may cause increased difficulty in
locating the precise centroid of the object. The PSF fitting routine in spaceKLIP that we employ
is primarily designed to fit point sources, as that is the form we expect for an exoplanet. Thus, our
astrometric results may be influenced by fluctuations on the spatial scale of the PSF width and
increase the astrometric error in a galaxy exhibiting spatial non-uniformities. Additionally, the
precise location of E1 in the field of view in Epoch 1 is just north of the ND square as mentioned
in § 3.4.2. As the flux in this corner is attenuated by the ND square by a factor of ~ 7.5 mag,
some flux in the southern region of the galaxy may be suppressed and result in a northward
bias of the measured centroid. In this case, we would then erroneously expect the galaxy in
Epoch 2 to appear north of the true location, resulting in the apparent southward offset which we
observe. In the case of E2, which is both spatially extended and intrinsically faint, we suspect
that measurement error simply be underestimated. The direction of the astrometry deviation also
aligns with the major axis of E2’s angular extent, supporting this hypothesis.

An additional factor which would apply to both sources is the effect of detector plate scale
distortion, i.e. that the conversion from distance in pixels to angular separation is not perfectly
constant across the detector. In standard imaging observations, a pre-computed distortion map
provided by the JWST Calibration References Data System (CRDS) is applied directly to the
image, and each pixel is re-interpolated to assign the detected flux to the correct on-sky location.
However, the noise added by this interpolation before PSF subtraction can significantly impact
sensitivity of coronagraphic observations, especially in the speckle-dominated regime (separa-
tions < 3”). Therefore we elected to skip this step and applied a constant astrometric error

component of 20 mas.
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Several options exist to mitigate these possible contributions to the astrometric discrepancy
in future work. To account for astrometric error associated with high angular extent and/or low
SNR, injection-recovery tests of simulated sources with similar properties can be performed to
measure the astrometric uncertainty empirically and determine if our current reported error is in
fact underestimated. If this test reveals that the current method returns unsuitably high error in
astrometric measurements of extended sources, we will explore alternate methods to recover the
astrometry more accurately. To explore the effect of plate scale distortion, we can attempt several
ways to incorporate the CRDS distortion solution. As E1 is very widely separated from the tar-
get star at 9.7”, it would be simultaneously the easiest to recover without stellar PSF subtraction
and the most affected by plate scale distortion. Therefore we would first apply the distortion
correction to the pre-PSF-subtracted data, and attempt to recover the signal of E1 without any
PSF subtraction. This would give us the most direct measurement of the astrometry and pho-
tometry of E1 without having to propagate signal changes due to the KLIP algorithm. If the
source is not visible without PSF subtraction, we will apply the KLIP algorithm and attempt to
recover both E1 and E2 with the knowledge that the background noise may be higher due to
the distortion correction. Finally, it may be possible to generate a mapping function from the
provided distortion solution to convert from a given pixel location in the uncorrected image to
the distortion-corrected on-sky position. This would have some complications as the use of mul-
tiple roll-angle observations means that every location in the final PSF-subtracted image is the
superposition of two detector locations and thus contains two different distortion components.
However such a tool would be highly useful for attaining accurate astrometry in coronagraphic
observations without suffering the noise increase from re-interpolation of the pixels.

Regardless of the tension between the measured astrometry of E1 and E2 in Epoch 2 and the
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expected location of a stationary background object, we find the astrometric accuracy sufficient
to rule out E1 and E2 as bound companions of 2M J0944, which is the primary purpose of this

work.

3.5.3 Limits on Circumstellar Flux around 2M J0944

While our study has focused on the attempted recovery of the point source P1 in the F444W
filter, the collection of simultaneous data at F200W provides an excellent opportunity to explore
the possibility of circumstellar emission due to a debris disk. Recent searches for exoplanets
around M dwarfs with JWST have resulted in the serendipitous discovery of debris disks at
F200W [208], and observations of known M dwarf disks have demonstrated that their grain size
distribution results in higher surface brightness at F200W as compared to F444W [190].

As seen in Figure 3.3, there is no obvious extended emission that could be attributed to a
disk. There are some large scale, structured variations in the background flux. These are largely
attributed to “1/ f noise”, a temporally-correlated readout noise source which is well-described
by a 1/ f power spectrum that causes parallel striping in the detector frame [209]. These stripes
are especially apparent in the left panel of Figure 3.3. Thus, the search for faint, circumstellar
flux remains inconclusive based on the current reduction strategy.

In future work, limits on the presence of a disk can be better assessed using several strate-
gies. First, advanced 1/ f noise correction techniques (e.g. [209]) could significantly reduce the
presence of the striping artifacts that limit sensitivity. In addition, PSF subtraction via RDI only
(not ADI+RDI as we have employed for the purpose of point source detection), and with no

annular divisions in the KLIP subtraction, would mitigate self-subtraction and preserve relative
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background flux levels as a function of angular separation from the target star. The use of Model-
Constrained RDI (MCRDI, [210]) would further preserve disk flux through the KLIP subtraction
process. Using this reduction process, surface brightness limits on potential disk emission could
be assessed, however the lack of constraints on possible disk inclinations would still pose in-
herent degeneracies between the observed surface brightness limit and the deprojected surface
brightness of a disk. Should the 1/f noise originate primarily from the reference observation,
the inclusion of additional references either from publicly available JWST observations or from

synthetic references produced using STPSF could provide a significant boost in sensitivity.

3.5.4 Lessons Learned

Our primary takeaway from this follow-up program is that while NIRCam is demonstrably
sensitive to faint, directly imaged sources (e.g. the extended source E2), low SNR sources have
risk of being non-astrophysical in origin. In B25, we examined the possibility that P1 may turn
out to be a high-amplitude noise fluctuation. We determined that the spatial correlation of the
background noise fluctuations in the F444W data correspond to a Gaussian full-width at half-
max (FWHM) of 0.55 pixels, which is narrower than the F444W PSF FHWM of 2.3 pixels and
that these fluctuations are thus unlikely to contaminate our SNRE calculations or be visually
confused with PSFs. However we did acknowledge that this source of contamination remained a
possibility. We advise caution when considering sources with SNR below 5 for dedicated follow-
up observations.

As stated in § 3.3.4, we have re-reduced the Epoch 1 data in order to have an apples-to-

apples comparison between epochs and to ensure that any changes in flux and astrometry are

112



astrophysical rather than due to changes in the data reduction pipeline. We showed in Figure 3.4
that the contrast sensitivity increased as expected due to the increased exposure times. However
we note here that in the re-reduction of the Epoch 1 data, the measured contrast sensitivity was
degraded by a factor of~ 0.3 mag beyond 1” in both F356W and F444W as compared to the B25
reduction. We also note the appearance of residual spikes associated with the stellar PSF lobes
which were not present in the first reduction, but are visible both in the PSF subtracted images
and in the new contrast curves. We understand the change in reduction quality to be due to a
combination of changes in the spaceKLIP pipeline, likely those regarding frame alignment and
bad pixel flagging and replacement. Regardless, the non-detection of P1 in Epoch 2 is definitive

and would not be affected by a 0.3 magnitude change in flux sensitivity.

3.6 Summary and Conclusions

The primary purpose of this work was to follow up the marginal exoplanet candidate P1
in the vicinity of the M dwarf 2M J0944, which was originally measured in [1] (B25) to have a
flux of 21.84210 09 mag in F444W with SNR 3.91, and a F356W-F444W color limit of > 1.02
mag with 30 confidence (> 2.21 with 1o confidence). Here we definitively show that P1 is not
a bound companion by re-observing the system 408 days later, demonstrating a non-detection of
the source, and placing 3o flux limits of 22.423 mag in F444W and 22.608 mag in F356W in
the expected location of the source assuming co-motion with the host star. We conclude that the
source observed in B25 was likely a noise fluctuation or other artifact amplified by the reduction
strategy used at the time.

Given the lack of confirmation of a bound companion to 2M J0944, and the minor increase
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in contrast sensitivity achieved, we do not have sufficient new information to warrant updating the
occurrence rates calculated in B25. However, we intend for the archival data from this program
(JWST GO 3840, P.I. Bogat) and from the original survey of 9 M dwarfs (JWST GTO 1184, P.I.
Schlieder) to be incorporated in future holistic studies of exoplanet occurrence rates around M
dwarfs.

While the source of interest P1 was not redetected, we did redetect a similarly faint source
(E2) as well as a brighter and more extended source (E1). We demonstrated via astrometric anal-
ysis that neither E1 nor E2 are bound to the target star 2M J0944, and via photometric analysis
we showed that both sources are consistent with the population of red galaxies observed in the
JADES GOODS-S deep field. While the relative astrometry does not match perfectly with the
expected path of a stationary background galaxy, we have identified several possible explana-
tions for the deviation including plate scale distortion, the spatial coincidence of E1 with a flux-
attenuating neutral density filter square, the low SNR of E2, and the extended flux distributions
of both sources.

Through these observations we have demonstrated NIRCam’s routine sensitivity to very
faint objects in the near-infrared, achieving a flux contrast of 7.16 x 107% at 1” (2.39 x 1076
beyond 3”) in F444W, 4.63 x 1076 at 1” (1.33 x 107% beyond 3”) in F356W, and 2.51 x 107° at
1" (6.47 x 10~7 beyond 3") in F200W.

We anticipate near-term future work to include further efforts to resolve the tension between
the astrometric measurements of sources E1 and E2 as compared to the expected path of an
extragalactic source as outlined in § 3.5.2, as well as a more detailed analysis to search for
extended disk emission in the Epoch 2 F200W data as outlined in § 3.5.3.

Finally, we look forward to the continued exploration of wide-orbit giant planets around
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M stars in the effort to disentangle the contributions of planet-like and binary-like formation
pathways in these systems. The inherent scarcity of wide-orbit giant planets necessitates large
sample sizes for unbiased surveys to have either a reasonable likelihood of discovering a new
companion or to be able to place useful constraints on the occurrence rate of such companions.
The ground-based direct-imaging survey SHINE has placed constraints on massive companions
(1-75 My,,) with semimajor axes 5-300 AU around M dwarfs to be 5.47%7% for the brown dwarf
binary component and < 9.7% for the planetary companion component, based on a sub-sample
of 20 M dwarfs [31]. More recently, in B25 we measured the occurrence rate of sub-Jupiter-mass
exoplanets (0.3-1 My,,) on wide orbits (10-100 AU) around M dwarfs to be < 0.10 and < 0.16
objects per star with 1o and 30 confidence respectively, using a sample of only 9 stars. Ongoing
efforts to expand the sample size of observations with sub-Jupiter-mass sensitivity, such as JWST
GO 4050 (PI: Carter, including 23 M dwarfs), GO 5835 (PI: Carter, including 60 M dwarfs), GO
6122 (PI: Bowens-Rubin, including 6 M dwarfs), and GO 8826 (PI: Lawson, including 22 M
dwarfs) will be critical to further constrain the occurrence of giant planets around the lowest
mass stars. These observations are already yielding promising preliminary results, in particular
with the follow-up observation of TWA 7b during GO 4050 [190] which adds evidence for its

status as the first directly-imaged sub-Jupiter-mass candidate.
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Chapter 4: Supporting Roman Space Telescope Coronagraphy

4.1 Introduction

To date, every direct detection of an exoplanet has been executed in infrared (IR) wave-
lengths or Ho emission, using facilities both on the ground (e.g. VLT/SPHERE [211], Gem-
ini/GPI [49], Keck/KPIC [212]) and in space (e.g. HST/NICMOS [213], JWST/NIRCam [50]).
Using state-of-the-art facilities and post-processing techniques, such observations have achieved
flux contrasts of 10~7 at near-IR wavelengths at a separation of 2 arcseconds [116]. However, the
ultimate goal of direct imaging is to detect an Earth-like planet orbiting a Sun-like star, which
will require flux contrast sensitivity on the order of 107!° at visible wavelengths. The Habit-
able Worlds Observatory (HWO) mission is being developed for this purpose, along with a suite
of new instrumentation technology, observation scheduling strategies, and post-processing algo-
rithms.

The Nancy Grace Roman Space Telescope (Roman) Coronagraph Instrument, expected to
launch in late 2026, will serve as a critical technology demonstration in preparation for the future
HWO. The Roman Coronagraph will implement active wavefront control with deformable mir-
rors for the first time in space, achieving flux contrast sensitivities better than 10~® for separations
from 150 — 450 mas [76]. While this falls short of the requirement to image an Earth analog, it

will enable observations of giant planets in visible, reflected light for the first time. With access
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to giant planets much older and colder than can be detected with IR imaging, the direct imaging
community will be able to characterize giant planet atmospheres in both young and mature states
and explore the full time evolution of Jovian analogs.

As the HWO will be targeting systems with known planets discovered by radial velocity
(RV) and/or stellar astrometry, we must develop observation strategies for scheduling follow-up
imaging of indirectly discovered planets [82]. The Roman Coronagraph thus provides a critical
opportunity in advance of the HWO to plan and execute reflected-light direct imaging of objects
which have only been detected indirectly.

From a scientific perspective, the statistical characterization of the mass versus semi-major
axis, mass versus radius, and mass versus luminosity relationships is the primary observational
method used to uncover the dominant processes that drive planetary formation and evolution
[214]. RV planets have a very well-defined orbital period, eccentricity, time of conjunction (when
the planet passes in front of the star and changes from negative to positive radial velocity), and
msin (a parameter proportional to the RV semi-amplitude containing both the planet mass m
and orbital inclination 7). However, ¢ itself is completely unconstrained, and thus the true planet
mass remains unknown. With direct imaging, the orbital inclination and therefore the true mass
of a planet can be constrained dynamically. The planet mass is thus a critical parameter which,
for a few favorable RV systems, the Roman Coronagraph may be able to measure directly for the
first time.

The challenge of directly imaging RV planets with Roman was first assessed by Traub et
al. in 2014 and 2016 for the purpose of estimating the science yield of possible Roman (then
named WFIRST-AFTA) coronagraph designs [215,216]. They found that 12 RV planets as de-

scribed in the Exoplanet Orbit Database at Penn State University [217] could be accessible to
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imaging with the instrument design which would eventually become the Roman Coronagraph.
Greco & Burrows (2015) [218] found the volume-averaged observability (i.e. the fraction of a
randomly oriented planet’s orbit for which it is detectable) of Jupiter-like planets orbiting host
stars within 10 pc of Earth to be ~ 12%, suggesting that randomly timed observations are ex-
tremely unlikely to be successful. Adding to the difficulty, Brown et al. (2015) [219] assessed
the ability of direct imaging observations to constrain the masses of RV planets, finding that
the ability to measure the true planet mass was primarily limited by uncertainties in the orbit
fit parameters. In 2021, Carriéon-Conzdlez et al. [220] performed a holistic study of the 4300
confirmed exoplanets on the NASA Exoplanet Archive [7] at the time and identified 26 planets
which have a > 25% chance of being detected at some point in their orbits in the optimistic
scenario for Roman Coronagraph performance. However the coupling of uncertainties between
different orbital parameters (such as the time and argument of periapse) was lost due to the nature
of the input catalog, which increased the scatter in predicted planet flux and separation. Spohn
et al. (2022) [82] have since described best practices for propagating orbit fits from RV data for
the purpose of scheduling direct imaging observations, recommending the propagation of each
possible orbit fitting the RV data independently to conserve the correlation of particular orbital
parameters in the RV fit posterior distribution.

In the following sections, I describe the programmatic context for this work (§ 4.2), the
methods used to propagate RV orbit uncertainties and quantify the detection probability of known
planets (§ 4.3), and the resulting time-resolved detectability of possible target planets (§ 4.4).
I then discuss the prioritization of the targets and provide recommendations on observation
scheduling to maximize detection probability and orbital characterization (§ 4.5). Finally, I pro-
vide a summary of our findings and anticipated future work (§ 4.6).
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4.2 Prior Work by the Roman Coronagraph CPP

The Coronagraph Community Participation Program (CPP) is an international collabora-
tion of scientific teams selected by NASA to develop target databases, observation plans, and
data analysis tools in support of the Roman Coronagraph mission [221]. Given my involvement
in simulation development beginning with the Roman Coronagraph Community Exoplanet Imag-
ing Data Challenge in 2020 [222], I joined the CPP during its inaugural phase in 2022. My work
for the team since then has included data reduction pipeline development (namely leading the
PSF subtraction step), the definition of team-standard coordinate and orbital basis conventions,
the co-leading of a CPP white paper on reflected-light planet imaging strategies, and extensive
preparation for observation planning.

With the launch of Roman currently scheduled for Fall 2026, the mission provided a dead-
line of January 15, 2026 for the initial observation plans associated with the primary corona-
graphic observing programs. This chapter will therefore focus on my primary task for observa-
tion planning: to produce a prioritized list of known RV planets which are favorable for a first
direct, reflected-light detection with the Roman Coronagraph.

Through the CPP, significant though unpublished prior work has been accomplished to en-
able my timely contributions to the team. Dr. Dmitry Savransky and his group have developed a
tool and associated database plandb! which estimates the orbit-averaged detection probability
(a.k.a. “completeness” [223,224]) of the planets in the NASA Exoplanet Archive. These calcula-
tions are based on published orbit fits, which often decouple the uncertainties of correlated orbital

parameters such as the time and argument of periapse. As a result, planet properties are difficult

Thttps://plandb.sioslab.com/ ; hosted by the Space Imaging and Optical Systems Lab at Cornell University
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to predict as a function of time without refitting the original RV dataset, but averaging over the
full orbit still produces a useful first prioritization. Savransky’s group identified 26 planets with
non-zero completeness and host star V-band flux brighter than 8 magnitudes. Of these planets,
two (HD 142 ¢ and psi 1 Dra B b) were deemed unobservable due to nearby binary stars. An
additional two (beta Pictoris b, and HD 100546 b) were removed from consideration as they have
been imaged previously [225,226]. Five targets (HD 219134 h, HD 95735 c, tau Ceti e, tau Ceti
f, and HD 114613 b) were dismissed as their RV detections were deemed contentious, possibly
associated with stellar activity, or otherwise unreliable. Finally, the planet 14 Herculis b is in
consideration as a target for Roman imaging, however it is not investigated as an RV-only planet
in this study due to recent JWST imaging of the system [227] and an ongoing investigation of
astrometric data from the Hipparcos-Gaia Catalog of Accelerations [228] which is outside the
scope of this work.

As noted in both Brown (2015) and Spohn et al. (2022), the orbital uncertainties from
RV fitting combined with the time delay between the RV observations and the intended direct
imaging observations can massively exacerbate the uncertainty in the detection probability of a
given planet at a given time. A subset of the CPP team led by Dr. Sarah Blunt has therefore
dedicated effort to finding the most recent RV data available for the remaining 15 targets of
interest (shown in Table 4.1) and refitting the RV data with the open source code Radvel [229].

Following their work, I was provided with updated RV fits for each planet to consider as a
possible target for the first reflected light observation attempts with the Roman Coronagraph. The
format of these data is essentially the posterior distribution of orbital parameters from an MCMC
chain. More practically, it can be thought of as a “point cloud”, where each point contains (1)
a set of parameters that describes one possible orbit and (2) a likelihood value which describes
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Target C m sin(i) a P e Host d Ref
My | [AU] | [day] Sp. Type | [pc]

47 UMab 0.053 2.44 2.059 | 1076.6 0.016 Gl 13.7967 | [230]
47 UMa c 0.512 | 0.497 | 3.404 2287 0.179 ”? ” [230]
47 UMad 0.036 1.51 13.8 19000 0.38 ” ” [230]
55 Cncd 0.438 3.82 5.6 4799 0.0913 KO 12.5855 | [231]
eps Erib 0.036 | 0.651 3.5 2650 0.044 K2 3.2026 | [230]
HD 114783 ¢ | 0.137 | 0.659 4.97 4340 0.114 K1 21.0628 | [230]
HD 134987 ¢ | 0.001 | 0.935 6.62 5960 0.154 G6 26.1804 | [230]
HD 154345 b | 0.368 | 0.905 | 4.272 3420 0.038 G9 18.284 | [230]
HD 160691 ¢ | 0.432 | 2.423 | 5.543 | 4472.967 | 0.027 G3 15.5981 | [232]
HD 190360 b | 0.476 1.492 | 3955 | 2892.2 |0.3274 G7 16.0069 | [230]
HD 192310 ¢ | 0.008 | 0.076 1.18 525.8 0.32 K2 8.7968 | [233]
HD 217107 ¢ | 0.167 4.31 5.942 5141 0.3928 G8 20.0619 | [230]
HD 87883 b | 0.038 | 2.292 | 4.072 3303 0.7121 KO 18.2912 | [230]
HD 39091 b> | 0.146 10.02 3.1 2093.07 | 0.637 GO 18.2702 | [234]
ups And d 0.185 4.1 2517 | 1282.41 | 0.294 F9 13.4054 | [230]

Table 4.1: A summary of the RV planets considered in this work for imaging with the Roman
Coronagraph. We show the observational completeness (C) calculated by the Savransky group,
which corresponds to the detection probability of a randomly timed observation. We also show
the minimum mass (m sin(i)), semimajor axis (a), eccentricity (e), host star spectral type, and
system distance (d) as published in the literature. The last column specifies the reference used
for the displayed orbital parameter set.

how well that orbit fits the available data. My task, as detailed in the following subsections,
was thus to propagate each of the possible orbits over time, describe the expected planet-star
separation and flux ratio over time with accurate uncertainties, and predict the time-resolved

detection probability of each planet.

4.3 Methods

To determine the detection probability of a given planet at a given time, we must first
model what is currently known about the planet. We first define the coordinate system and orbital
element basis in § 4.3.1. We convert the RV fit posterior basis to a basis of orbital elements
more useful for imaging, and then add a distribution of the elements unconstrained by the RV
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fit, as described in § 4.3.2. We then propagate each orbit in the point cloud through time using
the formulae described in § 4.3.3. Finally, we compare the likelihood-weighted distribution of
planet-star separation and flux ratio at a range of observation times to the predicted sensitivity of

the Roman Coronagraph as shown in § 4.3.4.

4.3.1 Definition of Coordinate System and Orbital Elements

To orient ourselves in astronomical observations, we define a coordinate system following
the conventions laid out in Hilditch (2001) An Introduction to Close Binary Stars [235]. Figure
4.1, adapted from W. Thompson et al. (2023) [236], provides an illustration of the conventions
described in this section. The coordinate vectors Z, ¢, and 2 are defined such that the origin is
located at the position of the host star and 2 is the direction pointing directly away from the earth.
Then 7 is the cardinal East direction in the plane of the sky, and g is the direction rotated 90°
clockwise in the plane of the sky (cardinal North). We can then define the position of the star Z,
and observer 7, as:

7. = (0,0,0), @.1)

7, = (0,0, —d), 4.2)

where d is the distance from the earth to the exoplanet system, and the time-dependent position

of the planet as

fp(t) - (fL’,y,Z), (43)

where the components z, y, z can be calculated as a function of time based on the orbital descrip-

tion described below.
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Figure 4.1: Schematic of coordinate system and orbital elements, modified from W. Thompson
(2023) [236]. We show the coordinate basis vectors z, 3, and 2 in black. Ellipses show the plane
of the sky in grey, the plane of the orbit in blue, and the orbital path in green. We label the key
orbital parameters: the semimajor axis a, semiminor axis b, longitude of the ascending node (2,
argument of periapse w, orbital inclination ¢, and mean anomaly v/(¢).

To define a unique planet orbit, a minimum of six parameters are required. The size of the
orbit can be described by the semimajor axis a (half the length of the major axis of the orbital
ellipse, equivalent to the mean planet-star distance) or the orbital period P (the time required to
complete one orbit). The shape of the orbit is typically specified by the eccentricity e, which can

be calculated from the semimajor axis a and semiminor axis b (half the length of the minor axis
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of the orbital ellipse) by the following equation:

b2
e=11-— (4.4)

such that e can range from O to 1, and e = 0 describes a circular orbit.

Three angles then define the orientation of the orbit in 3D space. The inclination ¢ describes
the rotation about the major axis, where ¢ = 0 corresponds to a “face-on” orbit parallel with the
plane of the sky, and 7 = 90° corresponds to an “edge-on” orbit perpendicular to the plane of
the sky. The longitude of the ascending node €2 describes the rotation of the orbit in the plane
of the sky, and is measured from cardinal North (¢) eastward to the the “ascending node”, where
the planet’s orbit intersects the plane of the sky and the planet passes from negative to positive 2
coordinates. The argument of periapse w then represents the rotation of the orbit in the plane of
the orbit, and is measured from the longitude of the ascending node to the location of periapse
(minimum planet-star distance) of the planet, along the direction of the planet’s orbit®.

Finally, a parameter is needed to describe the location of the planet in time. We use the
time of periapse ¢,, which is the time when the planet is located at periapse. While for circular
orbits the argument (and thus time) of periapse is ill-defined, a particular combination of the two
parameters can still define the orbit uniquely.

With the orbit itself defined, we can describe the position of the planet at any given time by
the true anomaly v(¢), which is the stellocentric angle measured from the argument of periapse
to the position of the planet at a given time ¢, along the plane of the orbit in the direction of the

planet’s orbit. The location of the planet 2,(¢) can then be found by the following expression

3 A note of caution that in some cases the orbit is described using the argument of periapse from the perspective
of the star rather than the planet, which introduces a 180° offset and must be accounted for.
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derived in Appendix 1 of Thompson et al. (2023) [236]:

cos(v(t) + w) cos Q — sin(v(t) + w) cos(i) sin(€2)

fp@) = all-¢)

1 +ecos(v(t)) X | ecos(v(t) + w) cos Q + sin(v(t) + w) cos(i) sin(12) 4.5)

sin(v(t) + w) sin(7)

However, the calculation of v(¢) from the orbital elements (referred to as orbit propagation),
and thus the calculation of the precise planet location Z,, is not possible with pure algebra in
cases where e ## (. This complication is due to the nature in which an eccentric planet’s speed
varies along its orbit, which prohibits the closed-form expression of v(t). Numerical methods are

commonly used to bypass this limitation, and are introduced in § 4.3.3.

4.3.2 Planet Modeling

In the RV posterior for each planet, the possible orbits are described using a basis of the
orbital elements P (orbital period), ¢, (time of periapse), e (orbital eccentricity), w’ (argument of
periapse from the perspective of the star), and £ (RV semiamplitude in km/s). The first step is
then to convert to the orbital basis described in § 4.3.1 and illustrated in Figure 4.1, which uses
the orbital elements a (semimajor axis), ¢, (time of periapse), e (orbital eccentricity), ¢ (orbital
inclination), w (argument of periapse from the perspective of the planet), and €2 (longitude of the
ascending node). Each of the following computations is performed for every orbit realization in
the RV posterior point cloud in order to maintain the correlation between related parameters.

The simplest conversion is that from w’ to w, where switching from the star to planet per-
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spective is a matter of rotating by 180°. Thus we use the below equation:
w=w+m (4.6)

where w and w’ are measured in radians.
The inclination itself is unconstrained by the RV data, as RV is sensitive only to the compo-
nent of the stars motion which is perpendicular to the plane of the sky. However the semiampli-

tude £ is related to both the planet mass and inclination by the below relation [237]:

k P 173 (mp/Myyp)sini 1

=203 (——
(days (Mot /Mp) V1—e?

4.7)

ms—!

where m,, is the planet mass, M, is the total system mass, My, is the mass of Jupiter, and
M, is the mass of the Sun. Under the assumption that m, < My, or more specifically that
my < 0.1M,y which holds for each of our planets, this simplifies to

k M, oy, P

SN % ey VT (G

e 4.8
28.4329 ms~! ) @9

1 year

where M, is the host star mass (collected from the plandb database) and the value 28.4329
ms ! is the RV semiamplitude of a Jupiter mass planet orbiting a Solar mass star with a period
of 1 year. To assign an inclination and mass to each orbit in the point cloud, we first calculate
the critical inclination 7. which would result in the companion having a mass of 0.08M,, a.k.a.
the minimum mass of a hydrogen-fusing star [238]. We can rule out inclinations more face-on
than 7. as these correspond to stellar companions, and spectroscopy binary surveys typically

have sensitivity down to the minimum stellar mass [239]. We thus draw the inclination from
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a distribution proportional to sin: for ¢ between 4. and ™ — i.;. This represents a uniform
distribution of orbital plane orientations in 3D space, as there are more unique orbital orientations
corresponding to an edge-on inclination (i = 7/2) than corresponding to a face-on inclination
(¢ = 0, ), and simultaneously rejects too-massive companions without skewing the distribution.
Then the planet mass is determined simply by division, as by definition m, = (m, sin)/ sin .

We find the semimajor axis a using Kepler’s Third Law, as described in § 4.3.1 using both
the planet mass and the stellar mass to calculate the total mass of the system. Though we used the
approximation of M, ~ M, during the calculation of m,, sins for computational simplicity, we
do not approximate here as there is no computational cost. Additionally, any error in the predicted
separation due to this approximation is such that the separation may be slightly underestimated,
typically resulting in a more conservative detection probability estimate.

The final orbital parameter is the longitude of the ascending node {2 which defines the
rotation of the orbit within the plane of the sky, and is completely unconstrained by RV measure-
ments. As the contrast sensitivity of the primary imaging mode of the Roman Coronagraph is
radially symmetric, that is, it depends only on the planet-star separation and not on the position
angle in the FOV, we adopt a constant value of ) = 0 for every orbit. This has the added ben-
efit of simplifying plots of the orbital path predictions by removing the “smearing” effect of a
randomized ).

The above parameters allow us to make quantitative predictions of the planet-star separation
over time, however some additional assumptions are required to predict the planet-star flux ratio.

As introduced in § 1.2.1, the flux ratio is given by

%’ _ (—)2Ag(/\)®(a(t),>\) (4.9)



where R, is the planet radius, r(¢) is the time-dependent orbital radius, A, is the geometrical
albedo as a function of wavelength ), and & is the normalized scattering law as a function of both
A and the time-dependent planetocentric star-observer phase angle «(t).

We first use the planet mass to estimate a planetary radius 2, based on a modified Fore-
caster mass-radius relation [240]. The Forecaster relation is an empirical relation composed of
segments in several mass regimes which are linear in log-log space. As the published version
includes inflated Hot Jupiters in the input dataset, the predicted radii of more widely separated
Jupiter-mass exoplanets are often overestimated. We therefore use a modified mass-radius rela-
tion for cold planets which is described in Section 10 of the plandb Known Planets Table doc-
umentation page* and provides a constant prediction of 1 Jupiter radius for objects with masses
between that of Jupiter and 0.08 M.

For the phase curve & we assume a Lambertian phase curve which is independent of A

given in Equation 1.9 and repeated here for reference:

sina + (7 — a) cos o

®(a) = (4.10)

™

In the limit that the distance between Earth and the host star is much greater than the planet-star

separation (true for all exoplanets), the phase angle « is given by

a=cos ! [ —22__ 4.11)

\/J Tty

where 7, 9,, and 2, are the components of the planet location 7}, in the coordinate system as

“https://plandb.sioslab.com/docs/html/index.html#knownplanets-table
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defined in § 4.3.1.

The albedo is chosen based on previously observed spectra of Jupiter [241] to be 0.465 in
Band 1 (a 10% bandpass centered on 575 nm). This is possibly an overestimate, and one of the
least constrained parameters needed to make the predictions sought in this work [242]. While
the absolute flux ratio predicted may change with updated albedo assumptions, we assume that
a constant value will provide the necessary baseline to make a comparative assessment of the
possible target planets.

Finally, the 3D planet location 7}, is determined as a function of time by propagating the

RV orbit fit as described in the following section.

4.3.3 Orbit Propagation

Given the necessary set of parameters to describe the planetary orbit for each point in the
point cloud, we then propagate each possible orbit over time to generate a distribution of possible
physical locations in space (¥, = [Zp,Yp, 2p) in the coordinate system described in § 4.3.1).
As mentioned in that section, there is no closed-form expression to determine the position of
an eccentric planet over time. We thus adopt the use of several intermediate values as tools to
determine Z,(t).

The eccentric anomaly F(t) describes the angle from the location of periapse to the position

of the planet, but is centered on the center of the orbital ellipse rather than on the star. Using this
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value, the planet position can be calculated as

B(cosE —e)+ G(vV1 —e?sin k)

Tp(t) = | A(cos E — e) + F(V1 — e?sin E) (4.12)

C(cosE —e)+ H(v/1—e?sin k)

where the Thiele-Innes geometrical constants A, B, C, I, G, and H [235] are defined below:

A =acoswcos{) —asinwsin ) cosi
B = acoswsin{) + asinw cos {2 cosi
C =asinwsini
(4.13)
F = —asinwcos{) — acoswsin{)cosi

G = —asinwsin Q + a cos w cos ) cos i

H = acoswsin?

To calculate the eccentric anomaly itself, we go through mean anomaly (t), which de-
scribes the angle centered on the center of the orbital ellipse, from the location of periapse to the

position of the planet as if it were traveling at a constant rate. This value is simply given by

ult) = =5, (4.14)

and the eccentric anomaly can then be found by solving the below equation for £ using numerical
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methods, as no analytical solution exists.

p(t) = E(t) — esin(E(t)) (4.15)

We use an iterative numerical approach, calculating the first guess of the eccentric anomaly F(t)o

as
, e? sin(2u(t
E(t)o = p(t) + esin(u(t)) + % (4.16)
and defining the error ¢ in the ith approximation as
e = E(t); —esin E(t); — p. (4.17)
We then repeatedly update the guess of E(¢) such that
€i—1
E(t); = E(t)i-1 — (4.18)

(1 —ecos(E(t)i—1)

until either ¢; < 107'° or 20 iterations have been completed.

We perform the above calculation for each orbit in the point cloud and for time stamps
ranging from January 1, 2027 to June 30, 2028 on a 5 day interval, which correspond to the
anticipated first 18 months of Roman science observations. Figure 4.2 shows an example of
the orbit propagation for 47 Uma c, where the effect of the unconstrained inclination is clearly
visible.

At each time stamp, we assess the distribution of planet-star angular separations and flux
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Figure 4.2: An example of orbit propagation from the RV posterior fit for the target 47 UMa c.
We show the relative RA and Dec (on the x and y axis respectively) of a subsample of possible
orbits from the time period of Jan 1, 2027 to June 30, 2028. The time is shown by the color
of the line, and the inner and outer working angles of the primary Roman Coronagraph imaging
mode (Band 1, narrow FOV) are shown by the two dashed orange circles. Due to the unknown
inclination, the planet-star separation is best constrained near the position of the descending node
which occurs in mid 2028.
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Figure 4.3: An example calculation of the separation and flux contrast for 47 Uma c. The top
panel shows the predicted planet-star angular separation in mas, the second panel shows the
orbital radius in AU, the third panel shows the phase assuming a Lambertian phase curve, and
the bottom panel shows the resulting planet-star flux contrast. For each parameter we show the
median with the red line, the 68% confidence interval with the dark purple region, and the 95%
confidence interval with the light purple region. In the top panel we also show the OWA and IWA
with the upper and lower dashed orange lines respectively.
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contrasts. The angular separation in arcseconds is given by

N
T x 206265" 4.19)

where d is the distance to the host star in parsecs. The flux ratio is calculated using Equations
4.10 and 4.11. We calculate the 2.5th, 16th, 50th, 84th, and 97.5th percentile values of each
parameter at each timestamp weighted by the RV posterior likelihood of each orbit in the point
cloud, following the prescription in Spohn et al. (2022) [82] to capture the uncertainty accurately.
In Figure 4.3, we provide an example calculation for 47 Uma c, where the top panel shows the
predicted planet-star angular separation in mas, the second panel shows the orbital radius in AU
(r(t) in Eq. 4.9), the third panel shows the phase assuming a Lambertian phase curve, and the
bottom panel shows the planet-star flux contrast. For each parameter we show the median with
the red line, the 68% confidence interval with the dark purple region, and the 95% confidence
interval with the light purple region. In the top panel we also show the OWA and IWA with the
upper and lower dashed orange lines respectively. In the unique case of 47 UMa c, we can see
that while in early 2027 the planet is at a fuller phase, it is also more distant from the star due
to its eccentricity. Thus the predicted flux contrast is approximately constant for the 18 month

window from January 2027 to June 2028.

4.3.4 Calculating Detection Probability

We determine the time-resolved detection probability following the recommendations in
Spohn et al. (2022) [82]. We compute the percentage of orbits in the point cloud which predict a

detectable flux contrast and angular separation, weighted by the likelihood, at each time stamp.

134



1.0
Fn
= 0.8 1
3
-g 0.6 1 / T—
o
S 0.4
o
— % 0.2 - GB Observations
S e} 71 Solar Keepout
g 00 T T T T T T T
m 2027.0 2027.2 2027.4 2027.6 2027.8 2028.0 2028.2 2028.4
! Year
8
©
% — 50 Contrast Limit
< 2028.25
S| 3108 5
L 2028.00 ©
) ()
© 2027.75 =
(;)c: 2027.50 UQ_’.
2 1079 4 2027.25
T T T T T T T T 2027.00
0 50 100 150 200 250 300 350 400 450

Separation (mas)
Figure 4.4: An example calculation of the detection probability for 47 Uma c. The top panel
shows the detection probability in the red line, as well as the windows when the target star is
unobservable due to galactic bulge (GB) observations in orange or solar keepout restrictions in
grey. In the bottom panel we show the predicted separation and flux contrast (on the x and y axis

respectively) as a function of time (encoded by the color of the points), as they compare to the
contrast curve (orange dashed line, assuming optimistic performance and 10 hours of exposure).

A given point in contrast-separation space is deemed detectable if the predicted flux contrast is
shallower than the the flux contrast required for a 5o detection at the predicted separation. We use
a simulated contrast curve which assumes an optimistic instrument performance scenario and 10
hours of exposure time [76], as shown by the orange dashed curve in the bottom panel of Figure
4.4. The points in this panel show the distribution of separation and flux contrast (on the x and y
axis respectively) as a function of time (encoded by the color of the points) for 47 UMa c as an
example. The time-dependent detection probability computed from these data is shown by the
red line in the top panel. We can see from the plot that the detection probability in early 2027 is

limited primarily by the uncertainty in planet-star separation, while in 2028 it is limited more by
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the uncertainty in the albedo of the planet.

For the purpose of observation planning, we must also consider whether the science target
is in fact observable according to programmatic constraints. Roman cannot point within 56° of
the solar or anti-solar direction, so any epochs where the target star appears too close to the sun or
to the anti-solar direction are not viable. This is referred to as the “solar avoidance constraint”, or
sometimes as “solar keepout”. Additionally, the execution of the Roman Wide Field Instrument
(WFI) Galactic Bulge (GB) Time Domain Survey (TDS) requires prioritized use of the obser-
vatory during two annual windows. To approximate these, we assume that any time the GB is
observable within solar avoidance constraints, Roman will be used for GB observations and thus
coronagraphic observations will be prohibited. We adopt the Gaia DR3 [131] ICRS coordinates
for each potential target star, and we use the location of radio source Sagittarius Ax published
in Petrov et al. (2011) [243] as a proxy for the GB location. We then use the CPP-developed
python tool roman-pointing?’ to calculate the time windows within which a given target is
unobservable due to solar keepout or GB observations, as shown by the grey and orange regions

respectively in the top panel of Figure 4.4.

4.4 Results

The targets explored in this work can be separated into four broad categories: Good Targets,
Uncertain Separation Targets, Narrow Targets, and Dim Targets. The “Good Targets,” are defined
as having a detection probability which surpasses 0.5 at some point in the first 18 months of
the mission. There are three targets in this category, each discussed in § 4.4.1. We then show

targets which are bad because either the separation is ill-constrained (a.k.a. “Uncertain Separation

>https://github.com/roman-corgi/roman_pointing
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Targets” in § 4.4.2), they are within the IWA (a.k.a. “Narrow Targets” in § 4.4.3), or they are

below the flux limit (a.k.a “Dim Targets” in § 4.4.4) for the entire 18-month time window.
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4.4.1 Good Targets
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Figure 4.5: Detection probability results for upsilon Andromedae (ups And) d.

The good targets for observation are presented in decreasing order of peak detection prob-
ability. The first object is upsilon Andromedae (ups And) d, a 4.1My,, minimum-mass object
orbiting 2.517 AU from an F9 type star 13.4 pc away [230]. This configuration corresponds to an
angular separation of 188 mas and expected flux contrast of 8.38 x 10~ at quadrature (90° phase
angle). The timing of the planet’s passage through the ascending/descending nodes is such that
the planet will be most detectable (with a peak detection probability of 0.93) in the first window
for science operations in 2027, and then will be detectable again with a peak probability of 0.99

on January 11, 2028, as shown in the above figure.
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Figure 4.6: Detection probability results for 47 Ursa Majoris (47 UMa) c.

Next, the planet 47 Ursa Majoris (UMa) ¢ has a peak detection probability of 0.74 on March
1, 2028, as shown above. 47 UMa c is a 0.50Mjy,, minimum-mass object orbiting at 3.4 AU from
a GI type star 13.8 pc away [230]. This corresponds to an angular separation of 247 mas and an
expected flux contrast of 3.46 x 10~ at quadrature. While constraints on the orbital inclination
could result in a larger mean predicted separation during mid-2027, the predicted flux contrast
is still very near the detection limit. Thus, only marginal increases in the detection probability
would be expected even if the separation were known to be favorable. In 2028, the detection
probability is primarily limited by the flux contrast and is therefore sensitive to assumptions

about the planet albedo and phase curve.
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Figure 4.7: Detection probability results for HD 154345 b.

The final “good target” is HD 154345 b, shown above, with a peak detection probability
of 0.62 on January 1, 2027. HD 154345 is a 0.90 M}, minimum-mass object orbiting 4.27 AU
from a G9 type star 18.3 pc away [230]. This corresponds to a maximum angular separation of
234 mas, and an expected flux contrast at quadrature of 2.91 x 107%. The planet is expected
to have a favorable separation during the entire 18-month window, however it is predicted to be

monotonically decreasing in flux contrast and thus also in detection probability.
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4.4.2 Bad Targets: Uncertain Separation
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Figure 4.8: Detection probability results for HD 190360 b.

Two of the targets have predicted flux contrasts which are feasible to observe, however the
unknown inclination renders the planet-star separation ill-constrained during the 18-month time
window considered in this work. HD 190360 b, shown above, is expected to have a flux contrast
> 3.69 x 107 after mid 2027, however half or more of the orbits result in separations narrower
than the IWA. The timing of quadrature is such that this object is not expected to have a well-
constrained separation beyond the IWA until October 2028. The other planet in this category is
epsilon Eridani (eps Eri) b, whose detection summary plot can be found in § 4.7. This object
suffers the opposite problem, as many of the modeled orbits suggest a planet-star separation
beyond the OWA. If additional information such as stellar astrometry can constrain their orbital

inclinations, the expected detection probability of these planets may change significantly.
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4.4.3 Bad Targets: Narrow

1.0
2
= 0.8 1
3
© 0.6 1
o
S 0.4
— b 02 GB Observations
2l =™ I Solar Keepout
g 00 =I T T — T T
1 2027.0 2027.2 2027.4 2027.6 2027.8 2028.0 2028.2 2028.4
g Year
o
—
m —_—
N * 50 Contrast Limit
9 %
3 10-8 4 -~
ol = 2028.0 §
T 4 =
=) 8 <
S 2027.5 &
O . o
X -9 k>
S5 1077 4
—_— y ‘
[ A
T T T T T T T T 2027.0
0 50 100 150 200 250 300 350 400 450

Separation (mas)

Figure 4.9: Detection probability results for HD 192310 c.

The targets in this category, HD 192320 ¢ and 47 UMa b, are undetectable as they orbit
entirely within the coronagraph IWA. We show the detectability summary for HD 192310 ¢ above
as an example. Based on the orbital description in the literature, this planet has a semimajor axis
of 3.96 AU, and it orbits a G7 type star 16.0 pc away [233]. Due to its high eccentricity (0.32)
this corresponds to an angular separation at quadrature between 91 and 177 mas, which may
be observable if the argument of periapse is favorable. However the propagation of the RV fit
posteriors from the CPP show separations greater than 150 mas to be unlikely. Similarly, the
orbit of 47 UMa b corresponds to a maximum angular separation of ~ 150 mas. While the low
angular separation of this planet was known, we explored it due to its shared host star with 47

UMa c. The detection probability summary plot for 47 UMa b can be found in § 4.7.
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4.44 Bad Targets: Dim
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Figure 4.10: Detection probability results for pi Mensae (pi Men) b.

The remaining 8 targets may have favorable separations during the primary mission, how-
ever they are expected to be undetectable due to low flux contrasts. Above, we show the detec-
tion probability summary for pi Mensae (pi Men) b as an example. This planet is a 10.02My,,
minimum-mass object orbiting 3.1 AU from a GO type star 18.3 pc away [234]. Its high eccen-
tricity (0.637) results in an angular separation of 62-278 mas and a mean expected flux contrast
of 5.53 x 107 at quadrature. However the predicted flux contrasts during the 18-month window
are below 1.5 x 1079 due to the planet being in an unfavorable phase.

The additional targets in this category are 47 UMa d, 55 Cancri (55 Cnc) d, HD 87883 b,

HD 114783 ¢, HD 134987 ¢, HD 160691 c, and HD 217107 c, and their detection probability
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summary plots can be found in § 4.7. As their detectability is primarily limited by the predicted
flux contrast, any updates to the modeling which increase the predicted albedo of these planets

may render them more likely to be observable.

4.5 Discussion

The primary purpose of this study is to provide a prioritized list of objects for observa-
tions in reflected light with the Roman Coronagraph, and the primary metric used for ranking is
the detection probability (Fy) calculated in the previous section. To provide time for potential
follow-up observation and further characterization, we prioritize planets with high Py in the first
six months of the mission (Jan 1, 2027 to June 30, 2027). Of the 15 targets explored, 6 were

found to have Py, > 0.10 in this time window, and are shown in Table 4.2 below.

Target Peak P g Date

ups And d 0.93 2027-01-31
HD 154345 b 0.62 2027-01-11
47 UMa c 0.46 2027-06-25
HD 190360 b 0.43 2027-01-06
eps Eri b 0.28 2027-01-31
HD 217107 ¢ 0.10 2027-01-06

Table 4.2: The best targets for observation with the Roman Coronagraph, ranked in order of peak
detection probability (Pj) in the first six months. We show the best observation date.

Based solely on the ranking by Fge, we can identify ups And d as the clear leader for the
best reflected-light observation target. It is predicted to have a separation of 156 4+ 2 mas and
a flux contrast of (6.87 & 1.49) x 107, which corresponds to a detection probability of 0.93
assuming 10 hours of integration time and an optimistic instrument performance. Achieving the
optimistic contrast level required for this observation in the first month of science operations will
require considerable effort, as there are many uncertainties in the instrument performance which
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affect the final sensitivity level. It is also likely that observations of brighter self-luminous targets
will be observed first to exercise and characterize the Band 1 HLC mode, resulting in additional
scheduling constraints. However, ups And d is also the ideal target for follow-up characterization.
As shown in Figure 4.5, the RV orbit propagation suggests that there will be an ideal window for
a second observation with a peak Py of 0.99 on January 11, 2028. Conveniently, the planet is
expected to be brighter (flux contrast (9.06 4= 2.16) x 10~?) and more widely separated (163 4 4
mas) at this time compared to the first observation epoch, which may enable a follow-up detection
with the SNR needed to accomplish critical goals for characterization.

These goals are generally (1) to fully constrain the planet orbit and thus enable a dynamical
mass calculation, (2) to measure changes in the planet photometry due to orbital motion and thus
constrain the shape of the phase curve, and (3) to complete a spectroscopic observation and thus
investigate the planet’s atmospheric composition.

Regarding the first goal (the primary interest of this work), we can consider the problem
from the perspective of degrees of freedom. As the RV data constrains all of the orbital parameters
except two (longitude of ascending node €2 and inclination ¢), we can conclude that at least
two additional data points are required to constrain the orbit fully. Observing the planet near
quadrature, which is when it is passing through the ascending or descending node, is the best time
to constrain ). This part of the orbit is also typically when the detection probability is highest
for an RV planet with no inclination constraints, and is thus ideal for the first detection attempt.
Following a successful detection, the photometry of the planet is much more easily predictable,
and we can be more confident in the planet’s flux ratio by planning a second observation where
the planet is expected to be at a similar or fuller phase. This implies that the planning of a

second observation to constrain the planet’s inclination could be arranged such that information
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is gained from both a detection and a non-detection. Essentially a detection might be expected
for low (more face-on) inclinations, but a high inclination might result in the planet being behind
the coronagraph mask, and thus a non-detection would provide a lower limit on the inclination
and corresponding upper limit on the planet mass. This type of deduction would not be possible
during the first observation attempt, as it would be extremely difficult to determine whether a
non-detection was due to obscuration by the coronagraphic IWA or by the planet having a lower
flux than expected. Therefore, we broadly recommend an observing strategy such that {2 and
the flux contrast are first constrained by imaging the planet near quadrature, and that a second
observation is used to constrain the inclination.

The second and third goals also benefit from the observation technique described above.
Measuring changes in the planet photometry naturally requires multiple observations, and the first
detection provides the grounding point to which future detections are compared. For planning
spectroscopic observations, we need both a good understanding of the planet photometry (to plan
the exposure time for a desired SNR) as well as an ability to predict both the separation and
position angle of the planet (to align the spectroscopic slit with the planet location). This means
both the longitude of the ascending node and the inclination need to be characterized before a

spectroscopic observation is scheduled.

4.5.1 Caveats and Limitations

As discussed in the previous section, uncertainties on the albedo and phase curve shape
are a major limitation on our ability to predict the flux contrast over time of an RV planet in

reflected light. We adopt a constant, Jupiter-like albedo (0.465 + 0.1) and a Lambert phase
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function for the initial predictions made in this work, however this neglects a number of physical
processes. In reality, both the albedo and phase curve are dependent on atmospheric properties
such as cloud composition, which are in turn dependent on time-dependent parameters such as
the orbital radius. Furthermore, the phase function based on Rayleigh scattering developed by
Madhusudhan and Burrows (2012) [77] predicts lower flux contrasts than the Lambert phase
function near quadrature by up to a factor of 2. Thus our simplified approach for the purpose of
comparing possible targets may systematically over-predict the planet flux near quadrature.

In this study we have restricted our sources of prior orbital constraints to RV data for the
purpose of a uniform exploration, however additional orbital information may be available from
astrometric data (e.g. Hipparcos/Gaia). Some of the planets presented have published constrains
on the inclination, such as pi Men b with i = 54.43675215 deg from Feng et al. (2022) [244].
Given the predicted low flux contrast of pi Men b due to the unfavorable phase of the planet
between 2027 and 2028, it is unlikely that this constraint would increase the detection probability.
However, the Py, of targets HD 190360 b and eps Eri b is primarily limited by the inclination
uncertainty, thus a detailed study of any astrometric anomalies in these host stars could make a
meaningful difference.

Finally, we acknowledge that the results of this study are very sensitive to assumptions
about the performance of the Roman Coronagraph optical system and corresponding contrast
sensitivity. Conservative performance estimates result in a contrast floor of ~ 1 x 107 at a
separation of 200 mas and ~ 6 x 10~ beyond 250 mas, which would prevent the successful
detection even our best candidate, ups And d. Thus the execution of any reflected-light planet

observations is dependent on achieving optimum performance with the instrument.
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4.6 Conclusions

The purpose of this study has been to prioritize exoplanets discovered by radial velocity
(RV) monitoring for the first direct, reflected-light observations with the Nancy Grace Roman
Coronagraph Instrument. We have computed the time-resolved detection probability Py of each
planet by independently propagating each of the possible orbits generated by the RV Markov
Chain Monte-Carlo (MCMC) fitting process, which maintains the correlation of mutually depen-
dent orbital parameters. Finally, we have identified three exoplanets with a Py, > 0.5 in the
first 18 months of the Roman mission: upsilon Andromedae d (ups And d, Py, = 0.99 on Jan-
uary 11, 2028), 47 Ursa Majoris ¢ (47 UMa ¢, Py = 0.74 on March 1, 2028), and HD 154345
(Pyer = 0.62 on Jan. 1, 2027).

Based on the peak detection probability, as well as the presence of multiple detection
windows for follow-up observations, we currently recommend ups And d as the best target for
reflected-light imaging with the Roman Coronagraph. In particular, we recommend the first ob-
servation attempt on January 31, 2027 when the planet is near quadrature and the longitude of the
ascending node can be constrained. We then recommend early 2028 as the best time to attempt
to constrain the inclination and complete spectroscopic follow-up.

We anticipate several next steps to increase the fidelity of the predictions presented in this
work. First, we plan to implement a more physically motivated treatment of the planet albedo and
phase curves. We will implement the recently published cloud model for substellar atmospheres
(Virga [245]), which includes calculations of scattering properties and variable sedimentation
efficiency, and adopt the formalism described in Madhusudhan and Burrows (2012) [77] to gen-

erate the flux contrast predictions. We will also complete sensitivity studies to quantify the influ-
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ence of these uncertainties. Computing the detection probability of each planet using the physi-
cally improbable maximum albedo would reveal which planets are unobservable even under ideal
conditions due to orbital geometry. We can also compare the detection probability results for a
range of phase functions (Lambert, isotropic, and Rayleigh), and for a variety of albedo priors
(uniform vs. Gaussian).

Second, we will investigate the application of data from the Hipparcos-Gaia Catalog of
Accelerations (HGCA, [228]) to constrain the orbital inclination of the possible targets. The
complex systematics involved in this dataset may render this step a challenge, however it would
be particularly useful for the few targets whose detection probability is currently dominated by
the inclination uncertainty (47 UMa ¢, HD 190360 b, and eps Eri b).

Finally, we will assess the ability to constrain the longitude of the ascending node, the in-
clination, and the planet mass with a limited number of simulated reflected light detections. This
investigation will help us determine the ideal imaging strategy for the most detectable planets,
and will feed forward to imaging strategies for the future Habitable Worlds Observatory as well.

The successful direct imaging of an exoplanet in reflected light will be a major advance-
ment in exoplanet science. With access to field-age systems, we can enable studies of the atmo-
spheres of widely separated exoplanets across Gigayear timescales. In addition, we can measure
the dynamical masses of RV exoplanets, further grounding the interpretation of their dynami-
cal histories and atmospheric compositions. The observation strategies developed by the Roman
Coronagraph mission will be paramount to achieving the goal of directly imaging an Earth-like
planet around a Sun-like star with the HWO, and will usher in a new era of science high-contrast

imaging.
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4.7 Appendix: Additional Planet Detection Probability Summaries

The following plots summarize the detection probability Py for the additional planets

mentioned in § 4.4.
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Figure 4.11: Detection probability results for epsilon Eridani b.
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153



[HD 160691 c - Band 1]

[HD 217107 c - Band 1]

1.0

2
= 0.8 -
©
Qo
© 0.6 A
o
S 0.4
s 02 - GB Observations
a ' Solar Keepout
0.0 1 1 1 1 1 1 1
2027.0 2027.2 2027.4 2027.6 2027.8 2028.0 2028.2 2028.4
Year
E 50 Contrast Limit
= 10-8 4 =
w 1074 2028.0 §
o =
©
] o
c (@]
S 2027.5
‘ w
3 107 4 ’ ;
[T 1 4 M 2
T T T T T T T 2027.0
0 50 100 150 200 250 300 350 400 450
Separation (mas)
Figure 4.18: Detection probability results for HD 160691 c.
1.0
Z
= 0.8 -
©
Ke]
© 0.6 A
[a W
S 0.4+
@ GB Observations
5 0.2
a "1 Solar Keepout
0.0 T T T T T T T
2027.0 2027.2 2027.4 2027.6 2027.8 2028.0 2028.2 2028.4
Year
n 50 Contrast Limit
e
S =
= 2028.0 ©
k7] >
2 z
g g
8 2027.5 LIQ-'_
bad
=]
fr
T 2027.0

T
50 100

T
150

T T T T T
200 250 300 350 400 450
Separation (mas)
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Chapter 5: Conclusions

The studies completed in this thesis have explored the capability of new and upcoming ob-
servatories to detect wide-orbit giant planets via direct imaging. As the occurrence rate of GPs is
known to correlate with both orbital semimajor axis and host star mass [27, 28], observations of
the exterior regions (beyond 10 au) around the lowest-mass stars (M dwarfs) provide necessary
constraints on the giant planet distribution and thus insight into the dominant formation mech-
anisms. Additionally, the atmospheric properties of GPs change as they cool over Myr to Gyr
timescales, such that observations of both young self-luminous planets and mature reflected-light
planets are needed to constrain atmospheric evolution models [26].

In Chapter 2 I presented the results of a JWST NIRCam Cycle 1 coronagraphic survey of
nine nearby, young M dwarfs (GTO 1184, PI Schlieder). We observed each system at 3 — 5 um
wavelengths and achieved sensitivity to planets with Saturn-like masses and semimajor axes,
allowing us to place the first occurrence rate limits on wide-orbit sub-Jupiter-mass exoplanets.
We found the frequency of planets with masses 0.3 — 1.0 My,, and semimajor axes 10 — 200 au
of to be < 0.10 and < 0.16 objects per star with 1- and 3-0 confidence respectively, which is
in agreement with the low rates of wide-orbit GPs expected for low mass host stars in both the
core accretion and gravitational instability scenario [16,22]. While the low sample size of the

survey presented in this chapter render the occurrence rate limits necessarily loose, GTO 1184 has

155



provided the foundation for ongoing large-scale, self-referenced surveys with sub-Jupiter-mass
sensitivity including GO 4050/5835 (PI Carter), GO 6005 (PI Biller), GO 6122 (PI Bowens-
Ruben), and GO 8826 (PI Lawson). In addition, we detected debris disks around the M dwarfs
AU Microscopii and Fomalhaut C. These detections are detailed in Lawson et al. (2023) [137]
and Lawson et al. (2024) [138], to which I contributed as a co-author.

GTO 1184 also revealed a marginally significant exoplanet candidate source (P1) in the
vicinity of the M dwartf 2M J0944, which we investigated further in Chapter 3. I led a follow-up
JWST observation program (GO 3840, PI Bogat) to re-observe 2M J0944 with a longer integra-
tion time and with simultaneous F200W imaging, in which P1 was not redetected. This outcome,
in combination with a reanalysis of the original data from GTO 1184, suggested that the orig-
inal signal reported in Chapter 2 was likely not astrophysical, but was rather a high magnitude
noise speckle or artifact amplified by the data reduction pipeline at the time. We did however
re-detect two extended sources (one of which had magnitude similar to P1 in the F444W filter)
and we demonstrated via astrometric and photometric analysis that they are likely background
galaxies. Finally, we achieved deep contrast limits in the F200W filter of 2.51 x 1075 at 1” and
6.47 x 1077 beyond 3”. This observing program highlighted the extreme sensitivity of NIRCam
to faint objects, as well as the perils of investigating low-SNR sources in direct-imaging data.

Finally, in Chapter 4 I explored the feasibility of observing mature (age > 1 Gyr) giant
planets in reflected, visible light with the Roman Coronagraph. In this study, we adopted a short
list of giant exoplanets discovered via radial velocity measurements, propagated a distribution
of best-fit orbits over the primary mission of Roman, and generated quantitative predictions for
the detection probability of each potential target planet as a function of time. This analysis
predicted the giant planet upsilon Andromedae d to be the most detectable planet with the Roman
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Coronagraph (assuming a Lambertian phase curve, geometric albedo of 0.465 + 0.1, and an
optimistic instrument performance), provided a framework for observation scheduling with the
Roman Coronagraph, and allowed the CPP to produce initial observation plans for reflected light

imaging.

5.1 Collaborative Contributions to Space-Based Direct Imaging

In concert with the particular studies that I led, as described previously in this thesis, I
have made contributions to the direct imaging community in the form of collaborations on large
ongoing JWST imaging surveys as well as open source software development for both JWST and
Roman coronagraphy.

I am actively participating as a co-investigator in several ongoing JWST programs (GO
6005, PI Biller; GO 4050 & 5835, PI Carter; and GO 7651, PI Kammerer) which will observe
a total of 225 target stars and enable demographic studies analogous to Vigan et al. (2021)
[31]. As part of this work I have become a contributor to spaceKLIP, the open-source python
package for JWST coronagraphic data reduction which implements the Karhunen-Loeve Image
Processing (KLIP) algorithm to subtract the stellar PSF. In particular, I added a module to manage
a large library of stellar PSF references and improved the tracking of star-coronagraph alignment
offsets, which is critical for reducing large, self-referenced survey datasets.

I also formally support the Roman Coronagraph as part of the corgiDRP development
team. I have led the development of several key modules of the data reduction pipeline, including
the steps which perform PSF subtraction via an implementation of pyKLIP, and which calibrate

the flux throughput of the PSF subtraction algorithm via the injection and recovery of synthetic
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off-axis PSFs.

5.2 Future Work

Fundamentally, my research goals are centered on understanding the formation of giant
exoplanets. I approach this problem by searching for new benchmark objects and constraining
planet occurrence rates via direct imaging surveys, and thus I am particularly interested in im-
proving high-contrast imaging techniques and developing next generation instruments.

My immediate future goal, as part of a postdoctoral research contract with the Laboratoire
d’ Astrophysique de Marseille, is to facilitate the success of the Roman Coronagraph by continu-
ing to support the baseline Hybrid Lyot Coronagraph (HLC) imaging mode. I will build on my
foundational work with the CPP to improve the quality of PSF subtraction (and thus the final
sensitivity of the observations) as well as the accuracy of photometric and astrometric retrieval.
The corgiDRP pipeline currently uses an implementation of KLIP to perform PSF subtraction,
assuming a single reference star PSF sampled immediately before and after the science target.
Recent JWST observations have shown the efficacy of reducing data with simulated PSF ref-
erences [246], and the ESCAPE team under the guidance of Dr. Elodie Choquet is exploring
the application of high-order dithering strategies for reference differential imaging (RDI). In col-
laboration with the ESCAPE team, I plan to explore the effect of augmenting traditional RDI
PSF observations with a library of simulated PSF images which contain the effects of high-order
dithering. To accomplish this, I would facilitate the integration of the advanced Roman Corona-
graph PSF simulator CAPyBARA [247] with the CPP simulation and data reduction environment

and then optimize the performance of corgiDRP on the set of simulated data.
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My work towards prioritizing particular systems for follow-up observation with the Ro-
man Coronagraph has focused on propagating the current orbital constraints achieved with RV
monitoring. I intend to improve on the current predictions by integrating astrometric constraints
from the Hipparcos-Gaia Catalog of Accelerations [228]. I will then update the predictions for
the time-resolved detection probability of each planet to provide observation planning guidance
with the maximum amount of a priori information. I plan to use the resulting orbit fits to assess
the precision of mass measurements possible for each of the planets found to be detectable with
the Roman Coronagraph.

I will also continue to support JWST observations through the ongoing survey collabora-
tions mentioned previously in order to further constrain the occurrence of wide orbit, low-mass
giant planets around a broad range of host star masses. M dwarfs were chosen as the initial targets
for sub-Jupiter surveys, as they provide the most intrinsically favorable environment to achieve
deep mass sensitivity. However, understanding the correlation of wide-orbit GP occurrence with
host star mass would provide further key insights into the processes that govern planet formation
and evolution, especially if it differs from that of the inner planets.

As we continue to learn the intricacies of false-positive vetting, companion astrometry pre-
diction, and advanced post-processing techniques with JWST data, I intend to implement emer-
gent direct imaging strategies within the Roman Coronagraph mission. Such strategies will feed
forward to the Habitable Worlds Observatory, inching us closer to the goal of directly imaging an

Earth-like planet orbiting a Sun-like star.
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Appendix A: Facilities and Software Used in this Thesis

A.1 Facilities

1. JWST Near-InfraRed Camera (NIRCam) [70]

2. Barbara A. Mikulski Archive for Space Telescopes JWST GO 1184, JWST GO 3840)

A.2 Software

1. astropy [248]

2. astroquery [249]
3. backtracks [202]
4. jwst [148]

5. matplotlib [250]
6. numpy [251]

7. orbitize [252]

8. pandas [253,254]

9. photutils [255]
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10.

11.

12.

13.

14.

15.

16.

17.

pyKLIP [150]

radvel [229]

roman_pointing [GitHub Link]

roman_table [GitHub Link]

scipy [256]

skimage [257]

spaceKLIP [149]

STPSF [146,200]
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https://github.com/roman-corgi/roman_pointing
https://github.com/clarissardoo/roman-planets-table
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