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Abstract

We present aperture masking interferometry (AMI) observations of the star HIP 65426 at 3.8 pum, as part of the
JWST Direct Imaging Early Release Science program, obtained using the Near Infrared Imager and Slitless
Spectrograph instrument. This mode provides access to very small inner working angles (even separations slightly
below the Michelson limit of 0.5\/D for an interferometer), which are inaccessible with the classical inner working
angles of the JWST coronagraphs. When combined with JWST’s unprecedented infrared sensitivity, this mode has
the potential to probe a new portion of parameter space across a wide array of astronomical observations. Using
this mode, we are able to achieve a 5o contrast of Ampsgon ~ 7.62 + 0.13 mag relative to the host star at
separations 0707, and the contrast deteriorates steeply at separations <0.07. However, we detect no additional
companions interior to the known companion HIP 65426b (at separation ~0.82 or 8771% au). Our observations
thus rule out companions more massive than 10-12 My, at separations ~10-20 au from HIP 65426, a region out of
reach of ground- or space-based coronagraphic imaging. These observations confirm that the AMI mode on JWST
is sensitive to planetary mass companions at close-in separations (=>0.07), even for thousands of more distant stars
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at ~100 pc, in addition to the stars in the nearby young moving groups and associations, as stated in previous
works. This result will allow the planning and successful execution of future observations to probe the inner
regions of nearby stellar systems, opening an essentially unexplored parameter space.

Unified Astronomy Thesaurus concepts: High contrast techniques (2369); Exoplanet astronomy (486); James
Webb Space Telescope (2291); Direct detection interferometry (386)

1. Introduction

JWST (J. P. Gardner et al. 2006, 2023) has established itself as
the world’s pre-eminent infrared observatory. The Near-Infrared
Imager and Slitless Spectrograph instrument (NIRISS; R. Doyon
et al. 2012, 2023) is equipped with a sparse aperture mask
(A. Sivaramakrishnan et al. 2009, 2023). This mask enables the
Aperture Masking Interferometry (AMI; J. E. Baldwin et al.
1986; C. A. Haniff et al. 1987; A. C. S. Readhead et al. 1988)
mode on the telescope, which is available for the first time from
space. This facilitates the execution of science cases that can use
moderate contrast at small angular separations—for example,
high-resolution imaging of extended sources, structure identifica-
tion of solar system objects (e.g., Jupiter’s moon o), and imaging
extremely bright objects like Wolf—Rayet stars (R. M. Lau et al.
2024).

A particularly powerful feature of this mode is its ability to
directly image planetary mass companions (PMCs) inside the
Rayleigh diffraction limit, SA/D (where D is the aperture size
of the telescope and A is the observing wavelength). With the
JWST/NIRISS/AMI mode, contrasts of ~10°-10"* are
predicted to be achievable with sufficient integration times
(A. Soulain et al. 2020; J. Rigby et al. 2023). This mode is well
equipped to directly detect or place constraints on additional
inner companions of systems with already known wide-
separation companions. Such systems have historically
revealed the presence of additional companions at smaller
orbital separations (C. Marois et al. 2010; M. Nowak et al.
2020; S. Hinkley et al. 2023), which has also been
demonstrated by theoretical studies (K. Wagner et al. 2019).
Using AMI to expand the parameter space inward will hence
enable the community to provide a more robust characteriza-
tion of the orbital architectures of planetary systems. In
addition to this, the mode is also predicted to access Jupiter-
mass companions at water—frost-line separations around stars in
nearby young moving groups and associations (S. Sallum et al.
2019; S. Ray et al. 2023). Going forward, this will be a
promising technique for placing constraints on initial entropies
(by using in conjunction planetary mass estimates, from Gaia
or long-term orbital monitoring) of planets for at least the next
decade (D. S. Spiegel & A. Burrows 2012; S. Ray et al. 2023).

The Director’s Discretionary Early Release Science (DD-
ERS) Program 1386 (S. Hinkley et al. 2022) includes AMI
observations to demonstrate the observing mode and test its
feasibility for these science cases. In this Letter, we report the
results of the AMI observations of the ERS program, of the star
HIP 65426 (A2V, 109.20 £ 0.74 pc), observed at 3.8 pm.
This star has a previously known companion, HIP 65426b
(G. Chauvin et al. 2017; A. C. Cheetham et al. 2019), with a
projected separation of 863}6 au and a mass of 7.1 & 1.2 My,
(A. L. Carter et al. 2023). In this Letter, we present the
scientific results of the ERS 1386 AMI observations, placing
new constraints on the presence of additional companions in
the HIP 65426 system and demonstrating its potential for
similar observations in other nearby systems. In an accom-
panying Letter (S. Sallum et al. 2024), we analyze the

performance, achievable contrast, and limiting noise sources
of this mode.

This work was carried out in parallel with other science
aspects of the ERS program. These included: (1) coronagraphic
observations of HIP 65426b at 2-5 ym with the Near-Infrared
Camera and 11-16 um with the Mid-Infrared Instrument
(A. L. Carter et al. 2023); (2) the highest-fidelity spectrum to
date of a planetary mass object, VHS 1256b (B. E. Miles et al.
2023); and (3) coronagraphy out to 15.5 um of HD 141569A, a
young circumstellar disk, with a particular focus on sampling
the disk brightness on and off the 3.0 um H,O ice feature
(E. Choquet et al. 2025, in preparation; M. Millar-Blanchaer
et al. 2025, in preparation).

In Section 2, we give a brief summary of the AMI mode with
JWST, followed by our observation strategy in Section 3. In
Section 4, we detail the various data processing steps. In
Section 5, we summarize our discussion, and in Section 6, we
present the principal conclusions of this study.

2. JWST AMI

AMI transforms a conventional telescope into an interfero-
metric array via a pupil-plane mask (P. G. Tuthill et al. 2001).
This is typically accomplished using a piece of metal with holes
(subapertures) cut out of it. The images recorded by the
detector are then the interference fringes produced from the
light after passing through the subapertures, which can be
analyzed using Fourier techniques. When each baseline in an
aperture mask has a unique position angle and separation, a
linear relationship between pupil-plane phase differences and
the measured fringe phase exists. Due to this nonredundancy,
Fourier observables (e.g., closure phases and squared visibi-
lities; see Section 4.2) can be calculated that are robust to first-
order residual phase errors (following the description in
M. J. Ireland 2013).

This technique has been successfully carried out using
ground-based facilities (e.g., P. G. Tuthill et al. 2000;
J. D. Monnier et al. 2007; A. L. Kraus & M. J. Ireland 2012;
S. Hinkley et al. 2015) and is for the first time being
executed in space with JWST (J. Kammerer et al. 2023;
A. Sivaramakrishnan et al. 2023). This is achieved using a
mask with seven hexagonal subapertures (see Figure 1), each of
which has an in-circle diameter of 0.8 m, when projected onto
the JWST primary mirror (A. Sivaramakrishnan et al. 2012;

A. Z. Greenbaum et al. 2015). This probes (Z) or 21 distinct

spatial frequencies (number of baselines) and (;) or 35 closure-
phase triangles.** This mode can be used with four NIRISS
filters at wavelengths 2.77 um (F277W), 3.80 um (F380M),
4.30 pm (F430M), and 4.80 um (F480M). These wavelength
channels are specifically designed to be sensitive to H,O,

“ For a set with n elements, the number of combinations with k groups is
g ”7 Since the mask has seven subapertures, n = 7, and k = 2 for
) 1"
Aselinés ftwo endpoints of a line segment) and k = 3 for closure phases (three
vertices of a triangle).
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Table 1
Parameters for the NIRISS/AMI Observations in the F380M Filter
Star Type Start Time End Time Sequence Readout Neroups Nints Dithers texp
O]
HD 115842 Calibrator 05:26:46 06:52:10 la NISRAPID 2 10,000 1 2468.00
1b NISRAPID 2 5500 1 1357.40
HIP 65426 Target 07:02:39 10:53:00 2a NISRAPID 13 10,000 1 10,766.40
2b NISRAPID 13 950 1 1022.81
HD 116084 Calibrator 11:02:17 12:49:58 3a NISRAPID 3 10,000 1 3222.4
3b NISRAPID 3 6000 1 1933.44

Note. The observations were executed on 2022 July 30 (UTC). The start and the end times indicate the start and the end of the observation block at UTC and are not
directly related to the exposure times. The target star HIP 65426 was observed between the calibrator stars HD 115842 and HD 116084.

Figure 1. Schematic diagram of the nonredundant mask on board JWST/
NIRISS containing seven subapertures.

CH,4, CO,, and CO features, respectively (e.g., Figure 1 of
A. Soulain et al. 2020).

3. Observing Strategy

The AMI observations were performed using the F380M
filter and the SUB80 subarray with the NISRAPID readout
pattern and no dithering. The F380M filter was specifically
chosen from the available filters to reach smaller angular
separations than the FA30M and F480M filters, to detect close-
in companions while making sure the central wavelength was
close to the region of the spectrum where exoplanets are the
brightest (at ~4-5 um; e.g., Figure 2 of S. Ray et al. 2023—as
compared to the F277W filter, which typically spans
wavelengths where directly imaged exoplanets are relatively
faint).

The observing setup was designed such that a photon-
noise-limited observation would be able to access a contrast
of Apag ~ 10 (M. J. Ireland 2013). The appropriate numbers
of groups and integrations were hence chosen to collect
~10'" photons for each target while avoiding saturation or
nonlinearity effects, as presented in Table 1 (see Appendix A
for an explanation of the terms “groups” and “integrations”).
Table 1 also presents the UTC start and end times of the
observations of the target and calibrator stars. And fexp is the
total exposure time for each observation sequence. All the
observations were carried out following the recommended

best practices as known prior to launch and described in the
JWST user documentation.®

To ensure optimal data analysis of the AMI observations,
point-spread-function (PSF) reference stars are required to be
observed, in addition to the science target. This is executed
because even though Fourier observables are robust to phase
errors to first order, higher-order errors remain that must be
calibrated out (M. J. Ireland 2013). These reference stars should
be point sources, so that they measure only the instrumental
contributions to the errors in the observables, which, in turn,
ensures the optimal calibration of the target star observations.
The target star was planned to be observed with the most time
and the calibrators were chosen to be relatively bright stars,
close to the target star on the sky plane. This ensured that we
obtained similar numbers of photons from the calibrators as the
target star, with shorter exposure times (see Table 1). Each
calibrator had a total exposure time of ~1 hr and the target star
had an exposure time of ~3 hr. However, for future observa-
tions with this mode, calibrators with similar brightness as the
target star should be chosen, as the detector systematics are the
limiting factor in terms of reaching the required contrast for
data sets of this depth (see Section 4.2 and S. Sallum et al. 2024
for more details).

For the AMI sequence of this program, the observation
of the target star HIP 65426 was preceded by one calibrator
(HD 115842) and followed by another calibrator (HD 116084;
see Section 3.1 for details). Observations of two calibrator stars
reduce the risk of encountering calibrators with unexpected
resolved structure (e.g., close-in companions and disks).
Observing the target star in the middle of the sequence
between two calibrator stars that are close on the sky plane (1)
is advantageous toward reducing the wave-front drift, and (2)
ensures that the time elapsed during the slew between the target
and the reference stars is kept to a minimum, which minimizes
thermal drift due to pointing changes. This ensures that the
changing spacecraft altitude does not cause a change in the
temperature of the primary mirror segments and subsequently
affect the Fourier phases observed by the telescope. The PSF
reference stars are then used to calibrate out instrumental
contributions to the interferometric observables (see Section 4).
A raw image taken with the JWST/NIRISS/AMI mode of the
science target (HIP 65426) is shown in the left panel of
Figure 2.

85 hitps: //jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-
spectrograph /niriss-observing-strategies /niriss-ami-recommended-strategies


https://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-ami-recommended-strategies
https://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-ami-recommended-strategies

THE ASTROPHYSICAL JOURNAL LETTERS, 983:L.25 (19pp), 2025 April 10

= o
15.15 px

Figure 2. On the left is the science raw image of HIP 65426. This pattern
(interferogram) is obtained on the detector and is a result of the interference of
the light emerging from each of the subapertures of the mask, as shown in
Figure 1. On the right is the associated power spectrum of the science image,
which is the modulus squared of its Fourier transform. The power spectrum is
used to extract the orbital properties of a potential companion in the star system
by analyzing the Fourier observables. The observations in the figure are taken
at 3.80 pm.

Table 2

SOAR Observations of the JWST Calibrators at Separations 6, = 0715 and

6, = 1.00
Calibrator Filter Amy, Amy,
HD 115842 1(0.8 um) 271 5.00
y (0.5 pm) 3.66 547
HD 116084 1(0.8 um) 2.97 5.10
y (0.5 pm) 3.44 5.45

Note. The quantities Amg, and Amyg, are the achieved contrasts at the
separations 0, and 6,, respectively. These stars were observed prior to the
JWST observations, to check them for any potential companions or extended
sources.

3.1. Vetting of the Calibrator Stars

To ensure the calibrator stars—HD 115842 and HD 116084
—were point sources, they were vetted first using
Search Cal (D. Bonneau et al. 2006) and were then followed
up with observations using ground-based facilities. This was
first done with the speckle imaging observations from Southern
Astrophysical Research (SOAR) telescope’s High Resolution
Camera (A. Tokovinin et al. 2010) instrument. Both calibrators
(HD 115842 and HD 116084) were found to be unresolved
point sources. This result is presented in Table 2. For the
calibrator HD 115842, the limiting contrasts at 0.15 and 100
were found to be Am ~ 2.71 and Am ~ 5.00 respectively at
0.8 um, and Am ~ 3.66 and Am ~ 5.47 respectively at
0.5 pm. And for the calibrator HD 116084, the limiting
contrasts at 0.15 and 100 were found to be Am ~ 2.97 and
Am ~ 5.10 respectively at 0.8 um, and Am ~ 3.44 and
Am ~ 5.45 respectively at 0.5 pm.

To check the reference stars further with higher sensitivity,
we also observed them with AMI observations using the Very
Large Telescope (VLT)/SPHERE/integral field spectrograph
(IFS; A. C. Cheetham et al. 2016; Proposal ID: 109.24EY).
Both stars were found to be unresolved point sources, with an
average contrast limit of A, ~ 6, calculated across the 39 IFS
wavelength bins. There were no significant variations on the
limit of the contrast as a function of position angle. This
contrast was achieved at separations of ~\/D for both stars,

Ray et al.

which corresponds to separations of 23—40 mas given the IFS
wavelength range of 0.95-1.60 pm.

4. Data Reduction and Extraction of Fourier Observables

As part of the science-enabling products produced by this
ERS team, we have developed SAMpy®® (S. Sallum et al.
2022), which primarily handled the processing of this data set,
in conjunction with the jwst87 (H. Bushouse et al. 2022)
pipeline.®® SAMpy is a publicly available PYTHON package,
containing data reduction tools tailored for JWST/NIRISS/
AMI, and is flexible enough to adapt to arbitrary masking
setups (e.g., VLT/SPHERE, Large Binocular Telescope/
LMIRCam, and Keck/NIRC2). It processes the AMI data
using a Fourier-plane approach. The accompanying Letter by
S. Sallum et al. (2024) presents a detailed description and
justification of the processing steps undertaken for this data set,
which is briefly outlined in the following sections for clarity.

4.1. Preprocessing of the Data

To prepare the data for the calculation of the Fourier
observables, some preprocessing steps using SAMpy were
executed. The first step in this process was to identify and
correct bad pixels. First, the bad-pixel map was produced by
the jwst stage 1 pipeline, which flags all “DO NOT USE”
pixels in the data quality array as bad. This was followed by
identifying additional bad pixels using the statistics of the
individual integrations and the set of integrations. All such bad
pixels were corrected, using the Fourier-plane approach taken
in J. Kammerer et al. (2019). Finally, each image was centered
to pixel-level precision, cropping to a smaller size of
64 x 64 pixels, before applying a fourth-order super-Gaussian
window with an FWHM of 48 pixels. This process is described
in detail in S. Sallum et al. (2024).

4.2. Data Processing and Model Fitting

Once the processed image was obtained, the Fourier
observables were calculated from the Fourier transform of the
image (the power spectrum is shown in the right panel of
Figure 2). First, the complex visibilities were calculated, which
comprise the amplitudes and phases associated with the unique
mask baselines. This was followed by the calculation of
squared visibilities, which are the powers (amplitudes squared)
associated with each of the unique mask baselines. Next, the
closure phases were computed, which are the sums of phases
for baselines forming a triangle.

After the calculation of the above, the observations were
calibrated. Calibrating the observations for the science target
(HIP 65426) was explored by calibrating it separately with each
of the calibrator stars, HD 115842 and HD 116084, respec-
tively, in addition to calibrating it with both the calibrator stars
together. It was found that using HD 116084 solely to calibrate
the science target yielded the best results in terms of reaching
the deepest contrast (Amgsgom ~ 7.8; see the third column of
the top panel of Figure 3). The two likely reasons for this are
that this observation (1) had more similar charge migration
properties to HIP 65426 (see Section 5.1), and (2) used a larger
number of groups (three, as opposed to two for HD 115852).

86 https://github.com/JWST-ERS1386-AMI/SAMpy
87 https: / /jwst-pipeline.readthedocs.io
8 All data were processed using pipeline version jwst = 1.7.1.
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Figure 3. The first column shows the HIP 65426 data calibrated with both calibrators (HD 115842 and HD 116084), the second column shows the data calibrated with
only HD 115842, and the third column shows the data calibrated with only HD 116084. The first row shows the x” surfaces that are slices of the best-fit contrast
containing the lowest x? from a grid search (with parameters of companion separation, position angle, and contrast) in R.A. and decl. This is shown for each
HIP 65426 calibration. The second and third rows show the corresponding best-fit Fourier observables of closure phases and squared visibilities, respectively,
compared to the data. The “«” symbols in the > maps in the first row show the position of the central star, and the “x” symbols show the best-fit companion positions
for each calibration. The best-fit Amp3gy contrast value for each calibration is also displayed in the panels of the first row. Along with this, the minimum x> values
and the minimum reduced x? values (denoted by Xi) are also displayed. Contour regions show the 10, 20, and 3¢ regions respectively from the lowest y? value. The
1o regions are demarcated with a black contour for clarity. As discussed in Section 4.3, we conclude that no companions are detected, based on: (1) the inconsistent
companion solutions from calibration to calibration; (2) the lack of a single clearly defined region of a low x? value for individual calibrations; and (3) the similarity of
these fit result values to those for simulated noise (see Figure 4).

Both of these characteristics result in better minimization of the
PSF artifacts and detector systematics during data reduction
and subsequent AMI calibration, making for a better-calibrated
data set (S. Sallum et al. 2024). Hence, only HD 116084 was

used for the calibration and the subsequent analysis in this
Letter.

The calibration was done by: (1) dividing the squared
visibilities of the target by those of the calibrator; and (2)
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Table 3
This Table Shows the Best-fit Parameters (Equivalently, the Values Corresponding to the Lowest x> Positions on the x> Maps) from the Grid Search of the Reduced
Data for Different Calibrations

HD 115842 + HD 116084

HD 115842 HD 116084
Position Angle (deg) 288.00710% 288.00714% 185.14+88
Contrast (Amgpazom) 7.650% 7.0582 7.8539
Separation (arcsec) 0.11:9% 0.120:53 0.2379%2

Note. The corresponding error for each value is the 1o error from the best fit as shown in Figure 3.

subtracting the closure phases of the calibrator from the target
closure phases (see Figure 3). As described in S. Sallum et al.
(2024), we calculate both statistical error bars and systematic
error bars for the closure phases and squared visibilities. We
calculate statistical error bars by measuring the standard
deviation of each quantity across all calibrated integrations.
However, these are significantly smaller than the residual
calibration errors in the data. We thus also estimate the
systematic error bars by measuring the standard deviations of
the closure phases and squared visibilities across the triangles
and baselines, respectively. All the stars (namely, the target
HIP 65426 and the calibrators HD 115842 and HD 116084)
were found to have no systematic variation of visibility with
baseline length and hence were unresolved.

As described in more detail in the accompanying Letter
(S. Sallum et al. 2024), the closure-phase scatter can have
contributions from random (for example, Poisson) noise and
systematic noise. As an example of connecting the standard
deviations of closure phases across triangles to noise sources,
we can first consider the case where Poisson noise dominates.
Each closure phase would have an error bar determined by the
standard error (i.e., the standard deviation of the closure phase
as measured across N frames, divided by the square root of the
number of frames, N). This means that the distribution of the
closure phases across the different triangles would have a
standard deviation equal to that same standard error (assuming
that each triangle has the same standard error).

We measure the standard deviations of the closure phases
across the different triangles under the assumption that the
systematic errors are approximately equal for all closing
triangles, and that they are (similar to the Poisson noise
description above) well modeled by a Gaussian distribution. In
reality, different closing triangles might have different levels of
both random and systematic errors. This is because the levels of
Poisson noise vary with raw visibility amplitude, and
systematic errors (which have many sources) are unlikely to
be uniform with spatial frequency. However, the systematic
errors cannot be measured more robustly than this, given the
available data.

To test whether the scatter in the calibrated data (for
HIP 65426 as well as for the two calibrators calibrated against
one another) can be well modeled by a Gaussian distribution,
we compare the closure phases across triangles to many
realizations of random closure phases drawn from a Gaussian
distribution with the same standard deviation. This procedure
reproduces the data reliably. We thus determine these statistical
errors to be adequate, given the limitations in our ability to
measure systematic errors.

This method of estimating error bars is conservative, since
the scatter in the closure phases across triangles is affected by
both signal and noise. We thus only adopt these error bars after

determining that the best fit (corresponding to the lowest x>
value) to the data set is indeed caused by noise. We do this first
by examining the quality of the best fit, by calculating its
reduced x? value if only the standard errors were used, which
for the fit to the HIP 65426 data calibrated with HD 116084
was calculated to be ~41. This high reduced x* value implies
that the errors are indeed underestimated. Hence, larger errors
on closure phases (~0.14) were adopted by calculating the
standard deviation, as previously mentioned, across all the
measured closure phases for this calibration. This produced a
reduced \* of ~1 for the best fit (see Flgure 3). These adopted
errors were used for all our analyses in this work.

4.3. Companion Model Fitting and Injection Tests

We fit companion models to the calibrated Fourier
observables on the calibrated data set via both grid and
Markov Chain Monte Carlo (MCMC) methods (utilizing the
emcee PYTHON package; D. Foreman-Mackey et al. 2013).
The analytic models consist of a delta function central point
source (representing the star) and an ensemble of delta function
companions each with a separation, position angle, and contrast
relative to the central star, individually selected with the aim of
obtaining a binary model (containing the central star and one
companion) most closely resembling the calculated Fourier
observables. This was achieved by varying the values of
separation, position angle, and contrast of the companion delta
function. We then take the lowest x? value as the best-fit
companron model. This x* value of the best fit should be
significant®™ compared to the null model for a confident
detection.

To visualize this, we plot the x> surface at the best-fit
contrast slice (the one with the lowest x? value) from the grid
for each calibration in Figure 3. We also plot the 1o, 20, and 30
contour regions from the lowest x> value. Since the companion
model has three parameters, these are at values greater by 3.53,
8.02, and 14.16 respectively than the lowest > value. We also
state the reduced minimum x> values (denoted by X, 2y in the
figure.’® The typical values of the minimum x> and the null X’
for the calibrated data were calculated to be ~53 and ~61 (see
the top panel of Figure 3), respectively. Hence, the best fits in
each calibration are at values <3¢ from the null model, which
is a statistically insignificant companion signal. The results of
this reduction for each calibration are summarized in Table 3.

® For the purposes of this work, we state values at >5¢ from the null value to

be statl%tlcally significant.

032 = L, where k = 53, the number of degrees of freedom. This is

calculated ‘as x = 35+21— 3, where the first, second, and third terms are the
number of closure phases, the number of squared visibilities, and the number of
parameters (namely, the position angle, separation, and contrast) used in the
grid search, respectively.
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Figure 4. These plots show the x> maps for three Gaussian distribution simulations, with the same mean and standard deviation as measured for the data set
HIP 65426 calibrated with HD 116084. The contour regions show the 10, 20, and 3¢ regions respectively from the lowest x> value, similar to Figure 3. At the tops of
these plots are the best-fit Amgzgon contrast value along with the minimum value of x> on the map. This minimum X location in the above plots is denoted by “x.”
These contrast values approximately overlap with the best-fit contrasts for the HIP 65426 companion fit, and the x> surfaces display the same lack of a single, clearly
defined low minimum. Together, these factors demonstrate that the fit results for HIP 65426 can be caused by noise alone. This further demonstrates that the
statistically insignificant companion signals detected in Figure 3 are likely noise artifacts in the data rather than indicating the existence of an actual companion.

The best-fit (lowest-xz) values are presented with the 1o error
bars for each parameter.

While a best-fit model can be found for each data set, the
best-fit models differ from one calibration to another, with
contrasts between Ampigom = 7.0-7.8 and widely varying
separations and position angles. Furthermore, in all three
calibrations, a unique, clearly defined region of low-x? values
does not exist. It should be noted that the method for estimating
systematic error bars (measuring the standard deviation of the
time-averaged closure phases and squared visibilities) causes
the reduced x” values of the best fits in Figure 3 to be close to
1. This does not necessarily represent the quality of the fit but
rather the large systematic uncertainties in the calibrated data.
Thus, the inconsistent solutions from calibration to calibration,
the lack of a clearly defined single x> minimum, and the best-fit
values being statistically insignificant (<3¢) when compared to
the null model in any individual calibration argue against the
existence of additional companions in this data set.

We used noise and companion injection simulations to
explore this further, specifically for the HD 116084 calibration,
since it yielded the lowest scatter and thus the deepest
achievable contrast. We first performed fits to simulated
Gaussian distributions. These were the closure phases and
squared visibilities drawn from Gaussian distributions with
standard deviations equal to those measured in the calibrated
data. The mean of the closure-phase distribution was set equal
to zero, and the mean of the squared visibility distribution was
set to be the median value of the calibrated squared visibilities.

Figure 4 shows the resulting x> maps at the best-fit companion
contrast for three different realizations. The best-fit contrasts,
which range from Amgpgon = 6.7-8.0, overlap with the
Amgzgom = 7.8 mag result for HIP 65426. The typical value of
the minimum X2 (best fit) in these is ~53 and the null model
values are ~54—61. The best fits are hence at values <3¢ from the
null model for all realizations, similar to the best fits of the
calibrated data. This shows that the companion fit result shown in
the right column of Figure 3 can be caused by noise alone.
Specifically, companion contrasts of Ampsgon =8.0 are unreliable

at wide separations (as seen in the left and center panels of
Figure 4), and Amgsgom = 6.7 at separations well within A/D
(~at 0.5)\/D, as seen in the right panel of Figure 4). The
unreliability arises from the fact that there is no statistically
significant unique low-x* region. These fits to Gaussian
distributions are consistent with the calculated contrast curve in
Section 4.4 (also see Figures 5 and 6), since they are all below the
curve, given their separations.

For clarity, in Figure 5, we show x* maps of the calibrated
(with HD 116084) data (HIP 65426) with injected companions.
This was done by using a companion model constructed with
given values of separation, contrast, and position angle. The
Fourier observables (closure phases and squared visibilities) of
this model were injected into the calibrated Fourier observables
(closure phases and squared visibilities) of the data. This was
achieved by adding the closure phases and multiplying the
squared visibilities of the model and the data. The resulting
closure phases and squared visibilities are presented in
Appendix B and Appendix C, respectively. The errors for this
were set to be the same as the errors of the calibrated data.
Companions were injected at a position angle of § = 60°
(calculated counterclockwise with respect to the vertical axis),
with varying contrasts and separations for six tests. Subse-
quently, a recovery was performed, following the same
approach as for the real data. In Figure 5, the detection
significance o is given by k (analogous to the Ay?

value discussed later in Section 4.4, k = int(y/Ax?) =

int(\/x2,; — X, ) ) for each injection test. For tests with
values of k > 30, the contour regions plotted are at ko, (k — 1)
o, and (k — 2)o from the null (no-companion) x> value.

The injected companions with mgzgop < 7.5 (the contrast
limit from the 50 contrast curve discussed in Section 4.4,
shown in Figure 6) at separations beyond the Michelson
diffraction limit (0.5A/D) are clearly detected as distinct
regions of low—x2 values (with k> 50), with preferred
positions (in tests 3, 4, 5, and 6) in the first two rows of
Figure 5, unlike the noise realizations and the calibrated data
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Figure 5. The plots in the first two rows show the x> maps at the best-fit contrast surface slice, with companions injected into the calibrated HIP 65426 data at a fixed
position angle (6 = 60°, where 6 is calculated counterclockwise with respect to the vertical axis), with varying separations and contrasts for six tests. The null (no-
companion) x? values and the minimum y? values are provided at the tops of each of these plots. The test number is provided at the bottom right of each plot. The
location of these injections (in the separation vs. contrast space) is shown in the bottom plot, with numbers and color-coded “®” symbols. The detection significance
(k) of the best fit compared to the null model in each of the plots in the first two rows is given at the bottom left. The grid of concentric circles in the top two panels
denotes the separation from the host star (null X2 model). For cases with k > 30 (tests 2, 3, 4, 5, and 6), the contour regions are ko, (k — 1)o, and (k — 2)o from the null
model value, respectively. For test 1, with k = 1o, the contours are 10, 20, and 30 from the minimum x> value. The bottom panel shows the 1o region from the best-fit
separation and the contrast point for each of the injection tests at the best-fit position-angle slice. The X-axis showing the separation is equivalent to the concentric
circles’ separation grid in the above plots. The brown dashed line shows the calculated 5o contrast curve from the HIP 65426 calibrated data (see Figure 6). It is
evident that for injections near the contrast limit, companions can be recovered with ~5¢ confidence (even below separations of 0.5\/D for test 2, although this causes
a larger uncertainty in the retrieved contrast and separation, as seen in the bottom panel). At contrasts brighter than this, the recovered signal significance is
considerably larger. However, at separations below 0.5)\/D and contrasts dimmer than the 5o limit, the companion cannot be found (test 1 with k = 1o shows a
separation /contrast degeneracy in the bottom plot). These results are summarized in Table 4.

(in Figures 3 and 4). Decreasing the companion contrast to
levels of Amgsgom > 7.5 eventually causes the resulting X2
surfaces to become indistinguishable from noise, as in the case
of test 1 in Figure 4. For this case, the contour regions are
plotted at 1o, 20, and 3¢ intervals from the minimum X2 value
(similar to the plots in Figures 3 and 4). In test 2, a relatively
bright companion (Ampsgom ~ 6.0) is injected below the
Michelson diffraction limit (0.5)\/D), and hence the recovered

signal is not quite as significant (k = 40) as the other cases
(with >0.5)\/D; see Section 4.4 for further discussion). These
injection and recovery tests illustrated in Figure 5 are
summarized with the relevant values in Table 4. The retrieved
values of contrast and separation are the best-fit values obtained
from a grid search. And the errors reported on these values in
the table are the 1o errors from the best fit. The corresponding
regions are shown in the bottom panel of Figure 5.
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Table 4
Summary of the Injection and Recovery Tests Shown in Figure 5 with Their Test Numbers (Increasing in Injected Separation from Test 1 to Test 6)

Injected Companion

Retrieved Companion

Amgzgom Separation Amgzgom Separation Xﬁul] anin sz k-value
(arcsec) (arcsec)
1 8.00 0.05 8.647755 0231333 55.08 53.08 2.00 lo
2 6.00 0.05 6722040 0.06"0:63 71.50 53.40 17.10 40
3 6.50 0.10 6.720% 0.1020.63 126.27 53.66 72.61 80
4 7.00 0.15 7.44+0% 0.1473%2 79.17 53.26 2591 50
5 6.00 0.20 6.24+0:18 0.2079% 221.92 53.56 168.36 120
6 5.50 0.25 5.5210%7 0.251000 534.43 54.93 479.50 2lo

Note. The retrieved values are the best-fit values from the grid search. All the retrieved values are listed with 1o errors from the best fit, rounded off to two decimal

places. The k-value is the integer detection significance at the lowest x> value (y

2

min

) compared to the null (no-companion) XZ value (x

2

nul

- The injections for all the

tests were made at position angle 6 = 60.00. The retrieved position angle for all tests was 8 = 58.78, with the exception of test 1, which had a retrieved position angle

of 6 = 191.02.
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Figure 6. The calculated 5o contrast curve for our observation is shown in
purple, which was obtained using closure phases. The analogous simulated
observation is shown in light purple, which was optimistic by ~1-2 mag. The
IWA for AMI observations is essentially 0.5\/D (the Michelson diffraction
limit). Separations below this limit are therefore grayed out. Calculating the
mean and the standard deviation of the contrast curve at separations >0.5\/D
gives a value of Am = 7.62 £ 0.13. This is the contrast we report for this work.

We also show the correlation plots of the injection and
recovery tests (with k-values >50, as reported in Table 4) with
their 1o errors in the top panel of Figure 7. As is evident from
the figure, all these tests (with test numbers 3, 4, 5, and 6)
overlap with the 1:1 line within the lo error bar, for both
separation and contrast values. This establishes that the
retrieved values are consistent with the injected values for
companions when the signal is detected with >5¢ significance.
In the bottom panel of Figure 7, we perform the same injections
as in the top panel to a Gaussian distribution. This distribution
was produced in the same way as Figure 4, as discussed earlier
in this section. In this case, the companion separations and
contrasts are also retrieved consistently within the 1o errors
(i.e., they are on the 1:1 dashed gray line, similar to the
injection and recovery tests in the calibrated data in the top
panel). It is to be noted that the best-fit points in Figure 7 are
not on the 1:1 line in any case. This is due to the fact that it is
not possible to perfectly recover an injected signal with infinite

10

precision, given that the noise is always going to introduce
some error. This is seen in the bottom panel of Figure 7,
because the Gaussian distribution does not capture the
systematic errors in the actual data, as is the case for all AMI
observations (M. J. Ireland 2013). And this is seen in the top
panel of Figure 7 as well, with non-Gaussian noise in the data.
Although the retrieved values are consistent with the injected
signals, the residual systematic errors in the data bias the best-
fit values of contrast and separation (which is expected, given
the significant non-Gaussian calibration errors). For this reason,
we use the null model as a contrast curve estimator. This is
further discussed in Section 4.4.

Last, we compare the HIP 65426 data calibrated with
HD 116084 to expectations for the signal from the known
companion in the system, HIP 65426b (G. Chauvin et al. 2017;
A. L. Carter et al. 2023). Figure 8 shows the results. The
expected closure-phase signal from HIP 65426b is shown with
cyan circles. The calculated closure-phase signal from the
observation is shown in maroon with error bars. The smaller
error bars are the statistical errors calculated from the science
and calibrator observations added in quadrature. The longer
error bars are the standard deviations of the calibrated closure
phases of the science target (the difference between the science
and calibrator observations; see Section 4.2). The spatial
frequency of NIRISS/AMI is capable of detecting the aliased
signal from the companion. However, Figure 8 shows that the
signal from HIP 65426b is at a significantly lower level than the
scatter in the calibrated data, making the known companion
undetectable.

4.4. Accessible Companion Contrast

A contrast curve was generated from a single-companion fit
model. This was executed following an approach similar to
S. Sallum et al. (2019), which is briefly discussed here for
clarity (see also S. Sallum et al. 2024). The calibrated closure
phases and squared visibilities were compared to the closure
phases and squared visibilities of a grid of single-companion
models with different separations, contrasts, and position
angles. For each companion separation, the average y° value
of all the sampled position angles (Xfep) was calculated.
Finally, the 5o contrast was taken to be the contrast at which
A= X2, — xgep = 25, where 2 is the x* calculated for
the null (no-companion; or, equivalently, the position of the
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Figure 7. The plots show the correlation between the injected and retrieved values of the companion injections. The left and right panels show the separation and
contrast values, respectively. And the top and bottom panels show the injections into calibrated data (the same as in Figure 5) and Gaussian distributions (similar to
Figure 4), respectively. The injection tests are at the same contrast and separation values as in Figure 5, with their respective (color-coded) test numbers for tests with
k-values >50 (see Table 4). The error bars on the plot points are the 1o errors from the best fit. The retrieved values in the top panel are consistent with the injection
values within 1o (the error bars overlap with the 1:1 straight line, shown in gray), where the injections are into calibrated data. This is also true in the bottom panel,
where the injections are into Gaussian distributions of closure phases and squared visibilities, equivalent to the method used to produce Figure 4 and discussed in

Section 4.3.
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Figure 8. The expected closure-phase signal from the known planet
HIP 65426b is shown with cyan circles and the maroon lines are the measured
closure phases from the observation. The smaller error bars are the statistical
errors (calculated by measuring the scatter around the mean) and the larger
error bars are the adopted errors (as discussed in Section 4.2).

star in the x> maps) model. The Ay value of 25 is taken, since
one parameter (contrast) determines the difference between the
null model and the 50 detectable model at each separation
(refer to S. Sallum et al. 2024 for a detailed description of the
contrast curve calculation). This threshold value of Ay? = 25
is appropriate for the model selection, as this corresponds to 5o
significance in the case of a model with 1 degree of freedom
(the difference in the number of parameters between the
companion model and the null model). This 5o curve is shown
in Figure 6 in dark purple. Calculating the mean and the
standard deviation of the contrast curve at separations >0.065
(equivalently >0.5)\/D, the Michelson diffraction limit) gives a
value of Am = 7.62 + 0.13. This is the value we quote for the
achievable contrast in this work.

The contrast curve is also shown in Figure 5 in the bottom
panel with a dashed brown line. As mentioned briefly in
Section 4.3, all injections above this contrast curve (and
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separations greater than the Michelson diffraction limit of
0.5)\/D) are detected with >5¢ significance. In Figure 5, tests
3, 5, and 6 have high k-values, since all these companions were
injected at contrasts brighter than the 5o contrast limit at the
injected separations. Test 4 had a companion injected ~at the
So contrast limit and hence is retrieved with 5o confidence at
the injected separation and position angle. There are other
regions of low-x? values (for example at separations ~0.2-0'3
with position angles ~190° and ~300°) for this test in the plot
(the first plot in the second row of Figure 4) at ~3¢ significance
from the null x? value. This is caused by the residual
systematic errors in the data.

Test 2 returns a companion with a relatively high confidence
(k = 40). However, since this injection is at a separation lower
than the Michelson diffraction limit, the grid search struggles to
fit the contrast and separation with unique values. This
manifests itself in a degeneracy, which can be seen in the
bottom panel of Figure 4 (the 1o region from the best fit at the
lowest-y” position-angle slice, shown in blue for test 2). This
means that although we can detect the presence of a companion
with a contrast greater than the 50 contrast limit at this
separation, we cannot precisely retrieve its orbital location or
contrast. For this reason, the corresponding mass limits from
this contrast curve were calculated with a lower limit on
separation as 0.5)\/D (see Section 5.2 and Figure 9).

In addition to the calculated 5o contrast curve, Figure 6
shows the simulated contrast curve of this observation from
S. Hinkley et al. (2022) in light purple, based on prelaunch
expectations of systematic noise.

5. Discussion

As is evident from Figure 6, the contrast curve from actual
data (this work) underperforms compared to the simulated
contrast curve of the observation (S. Hinkley et al. 2022).
Below, we briefly discuss possible reasons for this discrepancy,
which are explored in quantitative detail in the companion
Letter (S. Sallum et al. 2024). We also discuss how the
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Figure 9. The accessible mass limits using the contrast curve from Figure 6 are
shown in this figure. The light cyan curve utilizes the cloudy models from
D. Saumon & M. S. Marley (2008), the dark cyan curve utilizes the equilibrium
case of ATMO 2020 (M. W. Phillips et al. 2020), and the black curve employs
COND 2003 (I. Baraffe et al. 2003). The lower limit on the x-axis is 0.5\/D,
which is approximately the practical achievable IWA with AMI. The dashed
gray line shows the conventional diffraction limit below which the contrast
curve begins to grow steeply for accessible mass limits.

accessible contrast in magnitudes translates to the accessible
mass limits based on different evolutionary models.

5.1. Discrepancy with Simulations

As discussed in detail in S. Sallum et al. (2024), the
discrepancy between the simulated and observed contrast
curves most likely arises from the fact that the contrast is
limited by the effect of charge migration (the brighter—fatter
effect; e.g., C. M. Hirata & A. Choi 2020), rather than being
limited by the photon noise limit. The charge migration effect
is exhibited by infrared detectors when the electric field
induced by accumulated charges deflects new charges. This
causes two nearby pixels to accumulate charge at different
rates, with the brighter pixel apparently spilling photoelectrons
into its neighboring pixels. For brighter objects, this results in
an FWHM of the PSF with larger spatial extent.

In addition to masking the presence of fainter companions in
the close vicinity (on the sky plane) of a bright star, charge
migration can cause brightness-dependent PSF differences (and
thus calibration errors) between a science target and reference
PSF target. This effect was not taken into account during the
generation of the simulated contrast curve shown in Figure 6. If
we had the same level of charge migration between the science
and calibrator observations, we would have improved the
contrast quality and would have reached closer to the simulated
achievable contrast (S. Sallum et al. 2024). To plan observa-
tions with this mode in future cycles, observations should
ideally target PSF references that are well matched to the
science target in brightness.

5.2. Mass Sensitivity Limits

The mass sensitivity accessible with the S50 calculated
contrast curve (see Section 4.4) was calculated using evolu-
tionary models (see Figure 9). An age value of 14 Myr (based
on the Lower Centaurus Crux age, which HIP 65426 is a
member of, as discussed in Appendix A of G. Chauvin et al.
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2017) was used for the analysis across all used models. To
account for the uncertainties on the mass limit, different
evolutionary models were used that encapsulate different
physical processes. These are discussed in the following
sections.

5.2.1. ATMO 2020 Atmospheric Models

The mass detection limits were calculated from the generated
contrast curve using the ATMO 2020 (M. W. Phillips et al.
2020) set of models, similar to the method in S. Ray et al.
(2023). ATMO 2020 is a set of radiative-convective one-
dimensional equilibrium cloudless models describing the
atmosphere and evolution of cool brown dwarfs and self-
luminous giant exoplanets, spanning the mass range of
~0.5-75 Mjy,p. Even though these models are cloudless, they
mimic the effect of clouds by using a lower temperature profile.
The model is computed in three different sets of evolutionary
models: one at chemical equilibrium and two at chemical
disequilibrium, assuming vertical mixing at different strengths.
We keep our calculations and results limited to the case of the
equilibrium models, since this case provides the baseline
scenario of planetary atmospheric conditions and does not take
into account more complex considerations related to atmo-
spheric dynamics, such as vertical atmospheric mixing
(T. S. Barman et al. 2011; Q. M. Konopacky et al. 2013;
T. Currie et al. 2023).

It is evident in Figure 9 that, using ATMO 2020, mass values
of ~11-12 My, are accessible at separations ~0.1-0'4 or,
equivalently, ~1-3)\/D with our observations using the AMI
mode. These separations are smaller than the inner working
angles IWAs) of the JWST coronagraphs (~0"36-0.50). This
is achievable due to the combination of the interferometric
capability of the AMI mode and the superior infrared
sensitivity of JWST.

The accessible mass values coincide with the deuterium-
burning mass limit for PMCs (D. S. Spiegel et al. 2011). So the
D. Saumon & M. S. Marley (2008) evolutionary models were
also explored, which take into account the deuterium burning.
This was done using the species toolkit (T. Stolker et al.
2020) and is discussed in the following section.

5.2.2. D. Saumon & M. S. Marley (2008) and COND 2003
Atmospheric Models

The hybrid cloud grid from D. Saumon & M. S. Marley
(2008) was used to calculate the mass limits accessible with the
given contrast in Figure 6, as this model incorporates deuterium
burning. Using this grid of evolutionary models ensures
consistency with the ATMO 2020 model (which mimics the
effects of clouds) as well as the analysis and calculation of the
bolometric flux of HIP 65426b (A. L. Carter et al. 2023), the
known companion in the system. Using this model, the mass
limits accessible at separations ~0'1-0'4 are ~11.0-12.5 Myyp
(see Figure 9). This hybrid cloud grid provides a simplified
model of the L/T transition by incorporating a cloudy
atmosphere at high temperatures (7. > 1400 K) and a cloud-
free atmosphere at low temperatures (T.¢ < 1200 K). This grid
is very similar to COND 2003 (I. Baraffe et al. 2003), and
hence the latter was also explored to compute the mass limits in
the absence of deuterium burning in the atmosphere of PMCs.
Using this model, the mass limits accessible at separations
~0.1-0'4 are ~9.5-11.0 My, (see Figure 9).



THE ASTROPHYSICAL JOURNAL LETTERS, 983:L.25 (19pp), 2025 April 10

Ray et al.

100 T T .

\
|

2 10f - 1

0

%]

©

=

AMI at 3.80 um (This work)
1 Coronagraphy at 3.56 um (Carter et al. 2023)
2 10 100 1000

Semi-major axis (au)

Figure 10. Detection probability maps (contours of 30%, 68%, and 90%) for JWST observations, for the star HIP 65426: the green shows AMI in the F380M filter and
the gray dashed lines show coronagraphy in the F356W filter. JWST/AMI reaches close-in separations when compared to coronagraphy at similar wavelengths,

probing an essentially unexplored parameter space.

5.3. Mapping the Probability of Detecting Companions

The Exoplanet Detection Map Calculator (Exo-DMC;
M. Bonavita 2020) was used to estimate a detection probability
map using the mass sensitivity limits. This tool uses a Monte
Carlo approach to compare the instrument detection limits with
a simulated synthetic population of planets with varying orbital
geometries around a given star, to estimate the probability of
detection of a companion of a given mass and semimajor axis.
This information is then summarized in a detection probability
map. This PYTHON language tool is an adaptation of the
previously existing Multi-purpose Exoplanet Simulation Sys-
temcode (MESS) code (M. Bonavita et al. 2012).

Figure 10 shows the detection probability maps for the data
set described in this study (AMI at 3.80 um), as well as one for
the coronagraphic observations of the same target obtained at a
comparable wavelength (3.56 um), described in A. L. Carter
et al. (2023). The figure clearly shows the exquisite capability
of JWST/NIRISS/AMI to detect companions at mid-infrared
wavelengths in a completely new orbital parameter space. This
can also be seen in Figure 11, where JWST/NIRISS/AMI
probes separations lower than that of the VLT/SPHERE/
IRDIS observations at H band (1.6 ym; G. Chauvin et al. 2017)
for the same object.

In this study, we detect no additional companions, but
Figure 10 clearly exhibits the capability of the AMI mode for
the investigation of an unexplored parameter space of stellar
systems with previously known companions. Figure 4 of
G. Chauvin et al. (2017) shows that for this planetary system,
regions <20au are inaccessible by VLT/SPHERE. In
Figure 10, we rule out the existence of any additional
companions 210 Mjy,, at separations ~10-20au around the
host star. These observations hence provide sensitivity inside
the classical IWAs of JWST’s conventional coronagraphs.

13

100 ‘ -
L i
\ !
1
I
1
1
I
1
1
B,
2, —
= 10f '
)]
0
1]
=
JWST/NIRISS/AMI
at 3.80um (This work)
1t VLT/SPHERE/IRDIS coronagraphy
at H-band (Chauvin et al. 2017)
2 10 100 1000

Semi-major axis (au)

Figure 11. Detection probability maps (contours of 30%, 68%, and 90%) for
the AMI observation in the F380M filter with JWST/NIRISS, compared with
the coronagraphic H-band observations obtained with VLT/SPHERE/IRDIS
(G. Chauvin et al. 2017), for the star HIP 65426.

6. Conclusions

In this study, we have demonstrated that the AMI mode with
JWST/NIRISS accesses a completely new parameter space
(separations of ~0.05-0.5), a region that is only accessible at
lower contrast from the ground and is largely inaccessible using
the conventional coronagraphs on JWST. This is evident from
Figures 10 and 11, which exhibit that with JWST/NIRISS/
AMI, companions at solar system planetary scales (as close in
as ~10au) can be accessed. Solely in terms of contrast, the
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AMI mode on JWST, with a currently accessible So
companion contrast of Am ~ 7.5, is still reaching roughly 1
magnitude deeper than very good ground-based AMI perfor-
mance (e.g., Am ~ 6.5 in C. L. Vides et al. 2023, calculated
with a similar method). This makes JWST/AMI (even with the
underperformance induced by charge migration) the most
powerful single-telescope interferometer. And, with more
robust reduction techniques and improved observation strate-
gies, this performance will potentially improve in the future.

Going forward, this mode will be the prime technique for
detecting companions around stars in the closest star-forming
regions at close-in separations. The number of stars in young
moving groups available for planet searches is limited to ~100
targets (for example, in the moving groups of (3 Pictoris and
TW Hydrae; S. Ray et al. 2023). However, targeting stars in the
Taurus—Auriga or Scorpius—Centaurus associations (which
HIP 65426 is a member of) increases the number of such
available targets by ~1-2 orders of magnitude, since these
associations are potentially rich in thousands of such targets.
Opening up the possibility of probing the members of these star
formation regions would mean that many promising targets
(e.g., those with debris disks, evidence for accretion, or
protoplanets using ALMA gas kinematics, etc.) can be probed.
These targets could be part of future JWST (and Extremely
Large Telescope) observations.

This mode can also be used to find planets in systems that
have previously known companions. The characterization of
the multiplicity of PMCs around nearby stars would be
incomplete without probing inner regions, which JWST/
NIRISS/AMI can access. Previous studies (C. Marois et al.
2010; K. Wagner et al. 2019; M. Nowak et al. 2020; S. Hinkley
et al. 2023) have shown that additional companions at close-in
separations can be found in systems that already have a known
companion. This is beyond the capabilities of conventional
coronagraphs on JWST, due to their relatively poor IWAs.
Hence, observations in future cycles using JWST/NIRISS/
AMI will shed some light on this unexplored piece of
parameter space.

The angular parameter space (~100-300 mas; see Figure 6)
accessible with JWST/AMI for the case of members in nearby
stellar associations overlaps the peak sensitivity of current and
future ground-based interferometers, such as GRAVITY
(S. Lacour et al. 2019; M. Nowak et al. 2020) and BiFROST
(S. Kraus et al. 2022). These interferometers can measure
dynamical masses of PMCs with high precision (up to ~10%)
over a short portion of their orbit (e.g., S. Hinkley et al. 2023).
The combination of measurements of precise dynamical masses
and the PMC brightness at ~3-5 um (near the peaks of their
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spectral energy distributions, or SEDs, giving tightly con-
strained measurements of bolometric luminosity) is exceed-
ingly powerful for constraining atmospheric and evolutionary
models that are highly uncertain at young ages (see Figure 11
of S. Ray et al. 2023). In addition to this, the obtained contrast
limits (in Figures 6 and 9) will also access the expected
luminosities of circumplanetary disks, whose SEDs can be used
to inform planet formation timescales and exomoon formation.
Through these applications and more, NIRISS AMI observa-
tions in future cycles will provide new, direct constraints on
planet formation and evolution.
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Appendix A
NISRAPID Readout Pattern

Groups and integrations in the “NISRAPID” mode is shown
in Flgure 12. This was the mode used by all the observations in
this work.
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Figure 12. Each purple segment represents a “frame,” which is the same as a “group” in this mode and is the smallest unit of exposure. An “integration” is comprised
of a number of groups (three, in this case) and represents the total number of photons collected in a contiguous sequence. After each integration, the detector resets and
executes the next integration, to collect photons. The total exposure of an observation is the collection of “n” such integrations.
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Appendix B
Closure Phases of Injected Companion Signals

The calibrated closure phases and the corresponding best fits
for the injected companion signals (as discussed in Section 4.3
and Figure 5) are shown in Figure 13.
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Figure 13. The calibrated closure phases and the corresponding best fits for the injected companion signals. The test numbers are color-coded according to Figure 5, at
the bottom right of each plot. The Amgg3om and separation values for each injection are also provided at the top left for each plot.
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Appendix C

Squared Visibilities of Injected Companion Signals

The calibrated squared visibilities and the corresponding best
fits for the injected companion signals (as discussed in
Section 4.3 and Figure 5) are shown in Figure 14.
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Figure 14. The calibrated squared visibilities and the corresponding best fits for the injected companion signals. The test numbers are color-coded according to
Figure 5, at the bottom right of each plot. The Amgy30m and separation values for each injection are also provided at the top left for each plot.
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