ABSTRACT

Title of Dissertation: ENABLING THE DISCOVERY AND
CHARACTERIZATION OF NEW WORLDS
VIA SPACE-BASED DIRECT IMAGING

Ellis Bogat
Doctor of Philosophy, 2026

Dissertation Directed by: Professor Benedikt Diemer
Department of Astronomy

Dr. Joshua Schlieder
NASA’s Goddard Space Flight Center

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- 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 scientic. The rst 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 eld 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.

1



Figure 1.1: Every con rmed 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 con rmed 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 signi cant impacts



on the formation of the inner planets, sculpting the early structure of the disk from which the
planets formed, and in uencing 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 signi cantly 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 Gl [25]. Over time, a planet will cool to
reach an equilibrium with the incident radiation from its host star, but within the rst 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 de nitively, studies of GP populations at the demographic level have provided sig-
ni cant insight into the question. In general, 20% of Sun-like stars host giant planets (de ned
as planets with mass > 0:1 M) [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 magni es 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 5land 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
Gl 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 (de ned as having a mass less than or
equal to 0.6 times the solar mass, Miraw 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 ampli ed by a lower host
star mass, transit signals are ampli ed 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 >;@,)1idtween 1 and
100 auto be 30%, which is increased signi cantly compared to the occurrence of super-Jupiters

(mass > 1My, being 6% for the same separation region. This is supported by the Fulton et
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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 (gL 1M
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 {Ifkbnd 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 (8 1.2), as well as a summary of the work completed

in this thesis (8 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 con rmation 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 ux
from the planet separately from the starlight, may then be the best avenue to detect, con rm, 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, con rmation of
a candidate planet does not require the full orbital period to be observed. As DI targets are very
nearby, they typically exhibit signi cant 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 nal 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 dif cult 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 ux
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:

cop = % 206265 (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, ang,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:
imit = 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=4R 2T % (1.3)



where is the Stefan-Boltzmann constant angl 16 the effective temperature such that

Tor = Tim * Te4q (1.4)
Here, T is the temperature due to the interior heat of the planet, apdsThe 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 T and T 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 re ects 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

2

R
Lo() = 4—%L*() 1A &) (1.5)

where R, is the planet radius,pris the physical distance from the planet to the star, ar(d 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 nd the equilibrium

temperature:

L.(1 Ag) *

Tea= —572

(1.6)

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, predictiops afeT



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 Ty, ' 400K, which dominates signi cantly over the equilibrium temperature of 79 K found

above.
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The ux contrast is then found by a simple ratio: the planet ux from internal heat divided
by the host star's ux. Using a simple blackbody model for a G2V star (T ' 5800 K), and
the nominal cooling model in Figure 1.2 for a young Jupitek; (1400 K), we nd that its ux
contrast at 4 microns is on the order off1@t an age of 100 Myr [58]. We note here that the same
planet orbiting an M dwarf star with T ' 3000 K would result in a much shallower ux contrast
requirement of 10% , due to the steep temperature dependence on the total stellar luminosity.

Predicting ux contrasts for observations in visible wavelengths is more complicated as the
ux is dominated by starlight re ected 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:
z
=cos ! Tp ; (1.7)

where r 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 de nition, a phase angle of@responds to the planet appearing
directly behind the star and thus being fully illuminated, and a phase angle ot@B8@sponds

to the planet appearing directly between the star and the observer such that only the dark side is

visible. The ux ratio is then given by

Fo_ Ry ? N
Fooy, Ay (1.8)
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Here, A, is the geometric albedo as a function of wavelength , which describes the observed
brightness of a celestial body at a phase otOmpared to an idealized sphere which scatters

all incident light such that the re ected 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 ux as a function

of phase, normalized such that () = 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

sin +( )cos

0= (1.9)

Assuming the geometric albedo of Jupiter in visible light to be 0.538, we can estimate
the ux ratio of a Jupiter-radius planet 10 au from a Sun-like star to be 1:2 %0at full
phase, increasing the dif culty 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 ux ratio in re ected 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 re ected 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 ux contrast
at full phase of 4:5 10 ° . In short, direct observations of giant exoplanets in visible, re ected

light will be extremely challenging to execute as compared to young exoplanets in thermal IR
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emission.

1.2.2 Dl In Practice

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 eld 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 ux contrast and low angular separation, a signi cant
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 rst 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 eld 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 de ned 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 modi cations 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 ux from off-axis sources from the stellar ux. 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 xed with the orientation of the telescope while astrophys-
ical sources are xed 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 nd 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 imagg (@rotate them all (B, and take the me-

dian of those images to isolate the planet signal (E) [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 Karhunevellmage 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 Karhunenewe eigenimages [66—68].

(KLIP, [67]) algorithm, which uses a Karhunen-&ee transform of the reference observations to
build an orthogonal basis of eigenimages that are then t 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 “5 contrast
curve.” This metric represents the faintest signal that can be detected with a con dence of 5 as
a function of separation from the target star, in units of ux 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 nally assessing the nal signal-to-noise ratio (SNR) of the injected planets to
determine the lowest planet ux which can be recovered with 5 con dence. Contrast curves
typically reveal a steep slope near the IWA due to residual starlight speckles as well as ux

attenuation by the coronagraph, which is referred to as the speckle-limited regime. The curves
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tend to atten 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 signi cant advance in absolute ux 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 lters 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 speci ed number of groups. This allows the observer
to ne tune the overall readout method to optimize total data volume and dynamic ux 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 ux can be
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measured over long exposures without over-saturating the pixels. JWST users have the choice
of several pre-de ned 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].

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,” "MEDIUMS8,”
"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 Iters. 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 nal 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
Iter performed by the JWST Early Release Science team [50]. The 5 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 ux contrast
of 10 and angular separation of 8°5This observation surpassed the required ux contrast
sensitivity within P%and additionally achieved a background limited ux sensitivity of 5 10
at separations greater thatf[23]. The NIRCam Early Release Science team then completed the
rst successful direct observation of an exoplanet with JWST: the 14 Myr old super-Jupiter HIP
65426 b with a ux contrast of 4 10° and separation of’#from its A2V class host star, shown
in Figure 1.7. These observations con rmed that JWST NIRCam's coronagraphic modes exceed
the predicted performance capability by up to a factor of 10 in ux contrast sensitivity [50] 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 agship 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 ux contrast sensitivity 6f W@hin
planet-star separations of 83he 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 rst 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 =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 re ected light ux contrast at quadrature of planets which were considered to be
the best targets for re ected light imaging as of 2023 are shown by the gray triangles, and the ux
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 10, giant planets orbiting within 5 au of their
host stars could be detected in visible re ected light for the rst 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 =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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re ected light. In particular, observations of re ected 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 ux contrast sensitivity on the order of°1@o
10% within 0:3°0 It is expected to target nearby systems, some of which host planets con rmed
by indirect detection methods (hamely RV and astrometry), and will need to be able to propagate
uncertainties in the planet's orbital con guration 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 re ected light for the rst 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 | 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 re ected light based
on indirect measurements?

| approached the rst 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
rst occurrence rate constraints on sub-Jupiter-mass exoplanets beyond 10 au around M dwarfs
and identi ed a marginally signi cant exoplanet candidate near one of the targets. | 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, | performed modeling of con rmed planets discovered
by the radial velocity technique and quanti ed the probability of successful detection with the
Roman Coronagraph during the rst 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 rstre ected light observation of an exoplanet.

In Chapter 5 of this thesis, | conclude with a summary of the completed work, a description
of additional collaboration and software development that | 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 elds 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 speci ¢ 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 M ; T¢ . 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 j, planets at 1-5 AU and a steeper planet mass-
function than higher-mass stars [92, 93].

Gravitational microlensing surveys have revealed a signi cant 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 £4@, qvhere ga, is 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 M[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 @D, 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 &} /dt separations & 10 AU and reveal their
occurrence to be 2i3° % (for masses 2-14 M, 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 (MASA 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 scienti cally valuable and potentially detectable using more sensitive direct
imaging capabilities.

In addition to their scienti cally 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
signi cant uncertainty in exoplanet population statistics and planetary formation models [29, 32].

Having identi ed 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 m wavelength range where the intrinsic thermal emission of
young planets is signi cant [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 ux contrast of*1@Gnd angular
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separation of 0:5". This observation surpassed the required 5 ux contrast sensitivity*ofat0
1.0”, and additionally achieved a background limited ux sensitivity of 5 10at separations
greater than 2" [73]. The Direct Exoplanet Imaging ERS team [115] completed the rst success-
ful direct observation of an exoplanet with JWST: the 14 Myr old super-Jupiter HIP 65426 b with
a uxcontrastof4 10° and separation of 1” from its A2V class host star. These observations
con rmed that JWST NIRCam's coronagraphic modes exceed the predicted performance capa-
bility by up to a factor of 10 in ux 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
(& 10 AU) for the rst time.

In this work, we perform the rst directimaging 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 rst 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?2.184Section 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-

2P| 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 identi ed 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 ndings 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 con rmed 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 eld 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 w1l w2
Name Name Type (pc) (Myr) (mag) (mag)

OBS GROUP 1

AU Mic HD 197481 M1 9:9 0:10 24 3;2 450 4.00
HIP 17695 G 80-21 M3  16:1 0:80 149%';* 6.81 6.68

TYC 5899 LP 776-25 M3  16:3 0:40 149%;® 6.77 6.60
G7-34 G7-34 M4  13:6 0:20 1493 8.01 7.82

OBS GROUP 2

Fomalhaut C *alf PsAC M4 7:6 0:07 440 40;¢ 6.99 6.80
AP Col V* AP Col M4.5 8:4 0:07 502 ;>  6.64 6.40
2M J0944 G 161-71 M5  13:3 0:15 505 7.41 7.20
OBS GROUP 3

LP 944-20 LP 944-20 M9 6:4 0:04 329 80;% 9.13 881

2M J0443 2MASSI M9  21:1 045 24 3;2 10.83 10.48

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 nal part of the selection and
prioritization process was subjective by design to include a variety of targets and provide a nal
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 identi ed young moving group members and candidates based on those data [119]. The
nal target list was solidi ed 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 m wavelengths for the
rst time in GTO 1184. Lawson et al. 2024 [138] describes our rst-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 re ected 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 con rmed 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, de ned 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 Iter centered

on 4.44 m (3.881 - 4.982 m). This is the longest wavelength, wide-bandpass Iter available
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for use with the NIRCam coronagraphic modes, which maximizes the detection of planet ux
for a given exposure time (models predict young giant exoplanets to be bright in the 4-5 m
wavelength range) [58]. We use the readout pattern SHALLOW?2 for the observations of AU Mic
with 35 integrations in the F444W Iter. We use the MEDIUMS pattern for every other target
with 17 integrations per exposure and 10 groups per integration as de ned in the NIRCam De-
tector Readout Patterns page of the JWST User Documerntaimnalso observe each target for
approximately 30 minutes in the F356W Iter centered on 3.56 m (3.135 - 3.981 m), 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 signi -
cantly red in the 3-5 m wavelength range [58, 114]. The total observation time in both lters is
split evenly across two roll angles separated by 1@hich 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 xed to the orientation of the observatory while the position of the
planet remains xed on the sky to disentangle the star and planet ux. All of the aforementioned
observations use the subarray SUB320 with a eld 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 lter. It provides an inner

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

3https://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
WebbPSF for JIWST PSF modeling [146]. We simulated the expected contrast and planet mass
sensitivities for each of the 9 targets with MASK335R coronagraph using the F444W lter, and
compared with the direct imaging mode using the F480M lIter. We explored a range of possible
pre-launch wave-front error (WFE) drift values between the science target and reference, adopt-
ing WFE 2 [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 signi cantly more sensitive to WFE
drift. This was particularly true at angular separations .2”. Thus, if worse case pre-launch WFE
drift predictions were re ected in ight 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 ef cient than ADI at removing
residual starlight while preserving ux 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 500r 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 signi cant additional wavefront error [147].

The GTO 1184 observations were executed succes$helyveen 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 rst and last observations result in the apparent
blurring of off-axis background sources, so only the nal two observations are shown in the

survey images and used for off-axis PSF tting.

4The 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, signi cant calibration and post-processing is required
before the data can be used for science analysis and interpretation. The Space Telescope Science
Institute (STScl) 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 eld subtraction, detector gain corrections,
and ramp slope tting. The ramp slope refers to the rate of ux 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 signi cant
deviations from the linear ramp slope between two adjacent groups (called “ramp jumps”), this
can be detected and the slope can be talong each jump-free segment. The threshold for agging
ramp jumps, in number of sigmas above the noise, is one of many calibration parameters which
can be speci ed 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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Figure 2.1: Results of data reduction steps for GTO 1184 target G 7-34 (roll 1 in the F444W
Iter), using the JWST Calibration Pipeline wrapped by spaceKLIP [148,149]. We also include
additional custom processing steps for agging cosmic ray persistence. Panel a shows the raw
data as downloaded from the MAST archive. Panel b shows the output of the rst stage of the
pipeline, which ags and corrects for detector-level errors. Panel ¢ shows the output of the second
stage, which corrects instrument-speci c errors, smooths over unreliable pixels, and converts the
image to physical uxes. Signi cant 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-speci ¢ 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, at eld corrections from
instrument and detector response, and ux calibration to convert between counts per second and
MJy per steradian. The output of this stage is a 3D array of the calibrated ux (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 c 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 ags 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 Karhunerel® 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 spaceKiifich tunes
the JWST pipeline speci cally for high-contrast coronagraphic imaging of exoplanets [149].
spaceKLIP essentially wraps the rsttwo 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, ux 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 4 to 3, and reduced the sigma clipping threshold in the spaceKLIP
bad pixel cleaning step from 5 to 3, which improved the agging of cosmic ray hits.

The most signi cant hurdle we encountered during this phase was the un agged persis-

tence of several CR hits. The spaceKLIP ramp- tting step successfully ags pixels in the rst

5The speci ¢ 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 nal
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 rst 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 identi ed 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 agged 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 rst mask each off-axis source revealed in a rst-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 |l 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 dif cult 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 Karhunered® Image Processing (KLIP, [67]),
which uses a Karhunen-eve transform of the reference observations to build an orthogonal
basis of eigenimages (a.k.a. KLIP modes) that are then t 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 exibility 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 in ation from
small sample statistics near the IWA. One can also tune the number of KL modes (i.e. principal
components) used for the nal 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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Figure 2.2: Results of PSF subtraction via ADI, RDI, and ADI+RDI using spaceKLIP, for G

7-34 in the F444W lIter. 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 il 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 nal 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 ux before running
KLIP, as the amplitude of each PSF eigenimage is scaled automatically by the algorithm when
tting 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 c 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- ux contrast sensitivity,
(a.k.a. the “5 contrast”) which the is the ux 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 10 7 . This is determined by sampling the radial noise pro le at twice the angular resolution
of the observing system and quantifying the 5 ux 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 ux (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 tting a 2D gaussian via least squares optimization, and divide by the input ux

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 con guration provided by WebbPSF.

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 nal 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: 5 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 signi cant differences in wavefront error and
coronagraph alignment compared to HIP 17695, we do not see signi cant 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 tting, show-
ing source P1 near TYC 5899 as an example. The left column shows the image data, the center
column shows the best- t PSF model, and the right column shows the residuals. The result from
the least-squares PSF tting routine are shown in the top row, while the default spaceKLIP tting
routine is shown in the bottom row and produces a similar result.

used in the data reduction, and nally ts 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 signi cantly 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 WebbPSF, which we t 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 ux. We determine the measurement

uncertainty via the bootstrap method, wherein the model t residuals are shuf ed in the image
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plane, the shuf ed residuals are added back to the data, and the model t is repeated 1000 times
to produce a posterior distribution of best- t parameter values. This produces a similar result
(typically agreeing within 1-2 ) 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 t, 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 nal 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 nite-
element-corrected noise pro le. 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 magni ed in the im-
age insets and the extended sources labeled but not magni ed. 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 rst of the three TYC 5899 observations in these maps as the 4-month delay between
the rst 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 Iter. 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 magni ed 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 lIter. 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 magni ed in the image insets. In cases
where the candidate source is not detected in the F356W lter, 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- t 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 ux contrast (upper panel) and
apparent magnitude (lower panel) in both lters (F444W in red and F356W in blue). We achieve a
median 5 sensitivity of 1:5 10° (and median magnitude sensitivity of 19.3 mag) at a separation
of 17and 2:7 10 (21.2 mag) in the background-limited regime (i.e. at separations & 3”) with
the F444W lter, as measured via the methods described in Section 2.3.2. In the F356W lter,
the median sensitivity is 1:3 10 (19.7 mag) at 1” and 1:7 16 (21.8 mag) at 5”. For
reference, we provide the ux contrast and apparent magnitude sensitivity curves for each target
individually in Section 2.7.2.

We then convert the ux contrasts to planet mass sensitivities using published evolution
models for stellar- and planetary-mass objects. For masses belgu@&lse BEX-petitCODE
models [58], for masses below 0.075 Nl 80 M ;) we use ATMO-CEQ models [152], and for
all stellar masses we use Ames-COND models [153]. As an example, we show the 5 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 lIter. Despite slightly deeper ux contrasts,

F356W has signi cantly shallower mass sensitivity. This is due both to the intrinsic redness of
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Figure 2.7: The median 5 sensitivity curves for the entire survey in the F444W lter (red lines)
and F356W lter (blue lines). The sensitivity is given in units of planet-star ux 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 ux 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 signi cantly 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 cosi, longitude of ascending node [0-2 ], and longitude of periapse

in [0-2 ]) to account for projection effects. We can then measure the detection probability as a
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Figure 2.8: The 5 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
Iter (in red) as compared to the F356W lIter (in blue). Due to this difference in sensitivity, we
expect signi cantly 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-petitCODE
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 5 con dence based
on the apparent magnitude sensitivity curve for each target star. Figure 2.9 shows the detection
probability in the F444W lter (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-petitCODE 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 M, 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

50






	Preface
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Motivation and Outline
	Directly Imaging Exoplanets
	DI Theory
	DI In Practice

	This Work

	Probing the Outskirts of M Dwarf Planetary Systems with a Cycle 1 JWST NIRCam Coronagraphy Survey
	Introduction
	Survey Design
	Target Selection
	Observation Strategy

	Analysis Methods
	Data Reduction
	Image Analysis

	Results
	Survey Sensitivity
	Source Catalog

	Discussion
	Implications for Population Statistics
	Lessons Learned for JWST NIRCam Coronagraphic Imaging
	Caveats & Limitations

	Summary & Conclusions
	Ancillary Information
	Flux Maps
	Individual Sensitivity Curves
	Candidate Photometry
	Extended Source Catalog


	JWST NIRCam Follow-Up of a Directly Imaged Planet Candidate Associated with the Young M Dwarf 2M J0944
	Introduction
	Observations
	Data Reduction & Analysis Methods
	Preprocessing
	PSF Subtraction
	Contrast Analysis and Source Fitting
	Rereduction of Epoch 1 Data

	Results
	Source P1
	Source E1
	Source E2
	Contrast Analysis
	Astrometric Analysis

	Discussion
	On the Possible Nature of P1
	On the Possible Natures of E1 and E2
	Limits on Circumstellar Flux around 2M J0944
	Lessons Learned

	Summary and Conclusions

	Supporting Roman Space Telescope Coronagraphy
	Introduction
	Prior Work by the Roman Coronagraph CPP
	Methods
	Definition of Coordinate System and Orbital Elements
	Planet Modeling
	Orbit Propagation
	Calculating Detection Probability

	Results
	Good Targets
	Bad Targets: Uncertain Separation
	Bad Targets: Narrow
	Bad Targets: Dim

	Discussion
	Caveats and Limitations

	Conclusions
	Appendix: Additional Planet Detection Probability Summaries

	Conclusions
	Collaborative Contributions to Space-Based Direct Imaging
	Future Work

	Facilities and Software Used in this Thesis
	Facilities
	Software

	Bibliography

