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ABSTRACT

In this thesis work, we exploit the unique capabilities of long baseline interferometry to fill two gaps in exoplanet
parameter space: 1) the discovery of new planets around stars more massive than the Sun (Project ARMADA),
and 2) the characterization of known planets that are extremely close to their host star (Project PRIME). Current
detection methods struggle to find exoplanets around hot (A/B-type) stars. We are pushing the astrometric limits
of ground-based optical interferometers to carry out a survey of sub-arcsecond A/B-type binary systems with
ARMADA. We are achieving astrometric precision at the few tens of micro-arcsecond level in short observations
at CHARA/MIRC-X and VLTI/GRAVITY. This incredible precision allows us to probe the au-regime for giant
planets orbiting individual stars of the binary system. We present the status of our survey, including our newly
implemented etalon wavelength calibration method at CHARA, detection of new stellar mass companions, and
non-detection limits down to a few Jupiter masses in some cases. With Project PRIME, we show that ground-
based optical interferometry can be used to measure the orbit-dependent spectra of close-in “hot Jupiter”-type
exoplanets with precision closure phases. Detecting the infrared spectra of such planets allows us to place
useful constraints on atmosphere circulation models. We perform injection tests with MIRC-X and MYSTIC at
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CHARA for the hot Jupiter exoplanet Ups And b to show that we are reaching down to a contrast of 2e-4. The
promise of both these methods demonstrate that optical interferometers are a valuable tool for probing unique
regimes of exoplanet science.

Keywords: Interferometry, Astrometry, Exoplanets, Binary Systems, Hot Jupiters

1. INTRODUCTION

Thousands of exoplanets have been discovered to date, but each exoplanet detection method is sensitive to
specific regimes. This leaves gaps in exoplanet parameter space. In this thesis work, we show that long-baseline
optical interferometry can be used to fill two such gaps: 1) the detection of new planets around stars more
massive than the Sun (Project ARMADA), and 2) the characterization of known planets that are extremely
close to their host star (Project PRIME). Both projects require advanced techniques to push the capabilities of
current instruments – either by maintaining precision astrometry, or by measuring ultra-precise closure phases.

Exoplanet detection via the radial velocity (RV) method is extremely difficult for “hot” stars (i.e. early F,
A, and B spectral type) due to their weak and broad spectral lines. These stars have also been neglected in
most large transit surveys such as Kepler, which had the primary goal of characterizing planets around Sun-like
stars. This means that our knowledge of ∼1 au planet demographics around intermediate mass stars comes
largely from studies of cooler, evolved subgiants – “retired A stars.” Ref. 1 and 2 found that there is up
to a five-fold increase in the presence of massive gas giant planets in about 1 au orbits compared to solar-
type stars. Although this basic result is supported by recent direct imaging work of 3-100au massive planets
observed from Gemini Planet Imager,3 there is some dispute from a focused RV search of hot stars4 as well as
uncertainty in the progenitor population of the Bowler/Johnson sample.5,6 We designed an astrometric survey
nicknamed ARMADA (ARrangement for Micro-Arcsecond Differential Astrometry) to study this regime by
directly observing hot stars for ∼au-separation gas giant exoplanets. By using one star of a binary system as an
astrometric reference, a quick snapshot of interferometry data gives us a precise measurement of the position of
one star relative to the other. After monitoring a binary source with a long enough time baseline, we can search
for additional “wobble” motions that are caused by companions orbiting either component of the binary.7 This
astrometric signal increases with the planet separation from its host star, making it an ideal method to probe the
∼au regime around massive stars in binary systems. We’ve demonstrated that the Michigan Infrared Combiner
- Exeter (MIRC-X8) instrument at the Georgia State University Center for High Angular Resolution (CHARA9)
array and the GRAVITY10 instrument at the Very Large Telescope Interferometer (VLTI) array can be used to
perform this survey with “hot” stars. We now have a multi-year time baseline on many of the targets in our
survey, with enough epochs to probe down to planetary masses. In this manuscript we describe the wavelength
calibration steps that need to be taken with the MIRC-X instrument at the CHARA array to maintain precision
astrometry, which demanded the implementation of a new etalon module to increase the wavelength precision of
this instrument. We also summarize our published detections at CHARA and VLTI and show detection limits
for some systems without additional companions.

While Project ARMADA focuses on discovering new exoplanets in a unique regime, long-baseline interferom-
etry can also be used to directly detect the flux from known close-in exoplanets. Hot Jupiters are ideal targets
for constraining exoplanet atmosphere models due to their favorable planet-to-star flux ratios compared to other
exoplanets. To date, detections of transmitted starlight (transmission spectra) or emitted light from planets
(emission spectra) have been made for >50 transiting hot Jupiter exoplanets. Based on these impressive Spitzer,
HST, and ground-based results, studies of transiting planets have yielded an abundance of information on their
atmospheric characteristics.11–14 Despite all the exciting progress, key questions, like the diversity of circulation
efficiencies and thermal inversion in some planets, are still not fully understood. We introduce a new method for
characterizing hot Jupiter planets with long-baseline interferometry. Ground-based long baseline interferometry
is already becoming a valuable tool in the field of exoplanet science. The ExoGRAVITY team, for example, is
using the GRAVITY instrument at VLTI to directly detect and measure spectra and orbits of planets separated
by ∼50–100 milli-arcsecond (mas) from their host star.15 This opens up a new parameter space for planet charac-
terization, as these exoplanet are often within the diffraction limit of single telescopes. The CHARA array has an
angular resolution of about 0.5 mas in the H-band. This is sufficient to resolve a number of hot Jupiter systems
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from their host star, if the high contrast can be achieved. We started a project using the MIRC-X instrument at
the CHARA array to measure low-resolution spectra of non-transiting hot Jupiter planets, nicknamed Project
PRIME (PRecision Interferometry with MIRC-X for Exoplanets). The pioneering work for project PRIME was
undertaken by Ref. 16. In these efforts, the MIRC instrument at the CHARA array was used to target the hot
Jupiter Ups And b. Strict upper limits were placed on the planetary flux at a level of a few times 10−4, only a
couple factors away from detecting the expected flux level of the planet in H-band. Since this work, the MIRC
instrument has been updated from a 4-telescope combiner to 6-telescopes. It has also undergone multiple optics
and detector upgrades to become the current MIRC-X instrument.8 Recently, the MYSTIC instrument has also
been commissioned at the CHARA array to simultaneously record K-band data with MIRC-X.17 These upgrades
have motivated a new attempt to detect the flux from non-transiting hot Jupiter exoplanet Ups And b. If such
a detection can be achieved, this would demonstrate a new method for characterizing close-in planets. Along
with being a valuable tool for studying non-transiting hot Jupiters, such a tool would also become valuable in
the era of Gaia. Gaia is expected to discover hundreds of thousands of new exoplanets,18 many of which will
be too close-in to their host star to resolve with non-interferometric techniques. Though most will likely be too
high contrast, long baseline interferometry can be used for some of these companions to measure low resolution
spectra in the near-infrared wavelengths.

In Section 2 we give an overview of Project ARMADA. This includes our new wavelength calibration method
at MIRC-X/CHARA, a summary of our published triple detections at MIRC-X/CHARA and GRAVITY/VLTI,
and our current non-detection limits for systems without an additional companion. In Section 3 we give an
overview of Project PRIME to characterize close-in hot Jupiter planets. We describe our self-calibration routine
to achieve sub-degree precision in closure phase, and we show promising contrast limits with the MIRC-X and
MYSTIC instruments at CHARA. We conclude in Section 4 by giving a look to the future of studying exoplanets
with these techniques.

2. PROJECT ARMADA FOR EXOPLANET DISCOVERY

Long-baseline interferometry can measure extremely precise differential astrometry of binary stars when both
stars are within the field-of-view of the interferometer. Current instruments such as MIRC-X and GRAVITY
can measure differential astrometry down to the 10 micro-arcsecond (µas) level for close binaries.10,19 This
astrometric precision is sufficient for measuring additional “wobble” motions from previously unseen companions
down to the planetary mass regime. Motivated by this precision, we started Project ARMADA as a survey
of mostly A/B-type binaries to hunt for additional companions orbiting individual components of the binary
system. This is a regime that is difficult to probe with any other method (see Figure 1).

Figure 1. (Left) We inject planets to our MIRC epochs of known binary system δ Del in order to estimate our detection
limits for additional companions.19 If we are able to achieve this precision on many binary systems with a survey, we can
fill the ∼1 au gap around main-sequence A/B-type stars (Right). This regime is extremely difficult to probe with other
methods.
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2.1 Wavelength Calibration at the CHARA Array

In Ref. 19 we demonstrated with the close (<10 mas) binary system δ Del that the MIRC instrument at
the CHARA Array was achieving precision sufficient for recovering Jupiter mass planets on ∼au orbits around
individual components of the binary system. However, in practice we need to probe wider binary systems than
this in order to minimize the suppression of planets due to the influence of a close binary companion.20 In the
high resolution modes for MIRC-X and GRAVITY-ATs, the field-of-view of the interferometer is about 200 mas.
Hence our goal is to maintain 10 µas differential astrometry for binaries out to these separations. However,
many error terms scale with the separation of the binary. For the 10 mas binary δ Del, we achieved 1e − 3
relative precision with our 10 µas residuals. For a 100 mas binary, this relative precision needs to be at the
1e − 4 level. This means maintaining wavelength calibration between ARMADA nights at this precision. For
GRAVITY/VLTI, the quoted wavelength precision in high resolution mode is at the ∼5e-5 level using the Fourier
Transform Spectrometer.21 For MIRC-X/CHARA, however, the quoted precision is at the 1e − 3 level,8,22 too
high for exoplanet work using astrometry of wide binaries.

To improve the wavelength precision at MIRC-X/CHARA, we implemented a new calibration technique to
bring our precision to at least the 1e− 4 level between ARMADA nights. We designed and installed a custom-
made module of six etalons (one for each of CHARA’s telescopes) enclosed in a thermally stable holder which
is placed into the beam path each ARMADA night for additional calibration. These etalons produce a similar
signal to a binary star, but one where we know precisely the separation (since we know the thickness of each
etalon). Thus, we can monitor how our wavelength solution varies from night-to-night when etalon data is taken.
Ref. 7 fully describes our models and fitting techniques to this data, and we show some example data in Fig. 2.

STS Etalon Data+Model

Figure 2. In order to maintain ∼10 µas astrometry on wider binaries, we needed to improve the wavelength calibration
precision at MIRC-X/CHARA. We implemented a set of 6 etalons of different thickness in a thermally stable holder
to simulate the signal of a binary star of known separation. By taking data with the etalon each ARMADA night, we
can monitor how the wavelength solution is varying from night-to-night and bring all of our data to the same internally
accurate astrometric scale. We take data at least once per night, now with the lab light source Six Telescope Simulator
(STS). We show an example snapshot of this etalon data. Each measurement gives closure phases for each of MIRC-X’s
20 closing triangles with 6 telescopes. It is hard to distinguish between the model fit in red and the data in blue.

We now have etalon data taken for the ARMADA program spanning over 3 years from late 2017 - 2021. Each
night the etalon data is turned into a “scale factor” which we apply to our astrometry measurements for that
night. We set one high SNR etalon night as a reference (i.e. scale factor of 1.0), and compute how the wavelength
solution changes compared to the reference as described in Ref. 7. Fig. 3 shows how this scale factor varies across
over 100 nights. When the MIRC-X instrument was first implemented there were large jumps due to detector
and optics upgrades, and a changing of the readout window on the detector for fringes. Since then, the solution
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has been more stable with maximum etalon variation at the 1e − 3 level. By testing this etalon wavelength
scheme on a known test source, we verify that our calibration has improved the wavelength precision.7

Figure 3. (Left) We use the etalon data to compute an astrometric correction factor for each ARMADA night, based on
a reference night. This makes all of our MIRC-X/CHARA data internally consistent. Large jumps toward the beginning
of ARMADA are due to MIRC-X detector and optics upgrades, and a change in the detector readout windows. Since
then, the wavelength soltution has been more stable. (Right) We demonstrate on a test source κ Peg that our etalon
calibration scheme is indeed working to allow us to measure ∼10 µas astrometry on wide (up to 200 mas) binaries.

2.2 Newly Detected Triple Stars

Although our ultimate goal for ARMADA is to search for planets around A/B-type binaries, the first objects
that we are detecting are previously unseen triple stars. When there is an additional stellar companion orbiting
one component of an ARMADA binary, the “wobble” signal is much larger compared to a planet. Hence our
ARMADA survey is essentially 100% complete for inner stellar mass companions. In Ref. 7 and Gardner et al
(2022, submitted), we published the orbits of 15 triple systems – most of which were first detections of the inner
subsystem. In Figure 4 we demonstrate how our search routine works to uncover previously unseen additional
companions. We use historical data from the Washington Double Star (WDS) Catalog to constrain the long
period outer binary orbit along with our new ARMADA epochs. We then perform a grid search over inner
orbital period to search for a third body in the system (simultaneously re-fitting the outer binary at each step).
We are also performing RV follow-up of these newly detected triples both to confirm the orbital period and
to deduce which star the new companion is orbiting (Gardner et al 2022, submitted). Our survey has proven
to be extremely successful at detecting previously unknown inner stellar components, with median residuals
to the triple fits at a few tens of micro-arcseconds (varying from 10–50 µas in published orbits). For binaries
of separation range 50–200 mas, this means we are achieving relative precision at the 0.5–2e-4 level with our
observational setups at CHARA and VLTI.

2.3 Detection Limits

For targets without a confident detection of an inner component, we are able to set upper limits. We follow
the procedure outlined in Ref. 19 for computing detection limits. We inject companion signals to our data on
a grid of companion orbital period and “wobble” semi-major axis. This is then converted to companion mass,
given our estimates of the distance (from Hipparos or Gaia) and stellar masses (from spectral type). At each
point of this grid, we simulate 1000 circular planets with randomly chosen values for the other orbital elements.
We then use the same routine applied to the science data to fit for the injected planet + binary orbit over this
grid. We record how many of the 1000 planets we are successfully able to recover at each grid point. Since the
χ2 statistic cannot be used to compare models with a different number of free parameters, we use the Bayesian
Information Criteria (BIC) to determine whether or not our triple fit is better than the binary fit. This criteria
is also commonly used to claim RV planet detections.23–25 The BIC is computed by

BIC = −2 lnL + k lnn, (1)
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Figure 4. (Left) Since our ARMADA epochs only cover a small arc of the outer binary orbit, we contrain the outer orbit
with historical data from the WDS catalog. (Center) Starting from our best-fit of the outer binary orbit, we grid search
over inner orbital period for additional companions. Here there is a newly detected companion with a 60-day orbital
period. (Right) We subtract out the outer binary motion to show the inner “wobble” motion due to the previously unseen
inner companion.

Figure 5. We show some example inner “wobble” orbits from newly detected stellar mass components to ARMADA
binaries at both MIRC-X/CHARA and VLTI/GRAVITY. The top row shows three systems with data combined from
both instruments. Note that we are uncovering “wobble” motions at <100 µas in some cases here, with median residuals
to the triple fit usually within 20–50 µas. HD 5143 is a newly detected quadruple system, so its inner orbit as a “wobble”
motion of its own. All triples are published in Ref. 7 and in Gardner et al (2022, submitted).

where k is the number of free parameters, n is the number of data points, and L is the likelihood function.
For our models, −2 lnL = χ2. The model with a lower BIC value is selected as being a better fit to the data. To
accept a triple model as a better fit, we require ∆BIC>5 and also check that the recovered companion period
and semi-major axis are within 30% of the true injected value.

Each point on our grid records the percentage of injected companions which we are able to successfully
recover. For each target we plot contour lines that show the region above which we could have recovered 10%,
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60%, or 99% of companions at a given mass and orbital period. As can be seen in the example system in Figure
6, we are able to probe down to the few Jupiter-mass regime for a number of our targets at 300-day orbital
periods (the ∼au range). For that case of A-type binary HD10453, we can rule out a tentative detection of a 31.1
MJup companion reported in the high precision RV work of Ref. 4. We show a histogram for non-detection limits
for 20 binaries in our sample with Nepoch>10 in Figure 7. These limits depend not only on orbital precision
achieved at CHARA, but also on the mass of the host star and the system distance. Since we include B-type
stars in our survey, it is harder to probe down to a Jupiter mass for these targets as well as for those at a further
distance.

dRA (mas)

dD
EC

(m
as
)

Borgniet+2019

Transition to Star, 80 MJup

Transition to 
Planet, 13 MJup

Transition to Star, 80 MJup

Transition to 
Planet, 13 MJup

Figure 6. To compute detection limits in cases without a candidate companion detection, we simulate planets on a grid
of planet period and mass. We report the contour lines where we recover 99%, 60%, and 10% of injected companions.
Since each binary pair consists of two stars, we are able to rule out a detection around both components. (Left) we show
the outer binary orbit of A-type binary HD10453, using historical WDS data combined with our new ARMADA epochs.
(Center and Right) We show the non-detection limits for additional companions orbiting individual components of the
binary pair. The horizontal lines depict 80MJup (transition to substellar) and 13 MJup (transition to planet). We can
rule out a tentative detection of a companion around the primary with minimum mass of 31.1 MJup reported with high
precision RV in Ref.4

Figure 7. We show histograms of our 90% confidence limits for ARMADA binaries with sufficient epochs at 50 and 300
day orbital periods. We are probing the substellar regime (< 80MJ) at ∼au orbits for most of these targets, and we can
reach planet masses for the lower mass or closer systems in the sample. However, we need improved astrometry to reach
the Jupiter mass regime for most targets.
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3. PROJECT PRIME FOR EXOPLANET CHARACTERIZATION

Ground-based long baseline interferometry is a potentially powerful tool for characterizing exoplanets which
are too close to their host star to be imaged with classical single-dish telescopes. The CHARA array achieves
resolutions down to 0.5 mas for the longest baselines, allowing us in principle to directly measure the near-
infrared spectra of close-in exoplanets down to this limit, if the required high contrast can be achieved. We
have started a project using the MIRC-X instrument at the CHARA array to measure low-resolution spectra of
non-transiting hot Jupiter planets, nicknamed Project PRIME. The first hot Jupiter that we targeted for this
program is Upsilon Andromedae b.

In order to explore the contrast levels we need to achieve with MIRC-X and MYSTIC, we use updated global
circulation models (GCMs) for Ups And b’s atmosphere to compute model spectra. Ref. 26 recently computed
GCMs for Ups And b, using the models described in Ref. 27 and 28. The values assumed for Ups And b matched
those of recent high precision spectroscopy work of Ref. 29, with a planet mass of 1.7 MJup. The orbital period
was set to 4.617 days, semi-major axis 0.0595 au, orbital inclination of 24◦, stellar effective temperature of 6212
K, and stellar radius of 1.0296x109 meters (these choices are justified in Ref. 26). These authors reported
model spectra as a function of orbital phase in their paper, though the wavelength regime did not match our
observations. We extended these spectra to the H and K band, for both their clear and cloudy models of the hot
Jupiter atmosphere. We show the updated model spectra in Figure 8. These spectra demonstrate that we need
to measure contrasts of ∼ 2e− 4 in the H-band (∼ 4e− 4 in K-band) in order to detect the planet. If successful,
we can also measure how the low resolution spectra changes across the orbit of the planet.

MIRC-X MYSTIC / GRAVITY

R=200

Figure 8. We use the GCMs of Ref. 26 to produce model spectra dependent on orbital phase for Ups And b spanning
the H and K bands, for both a clear and cloudy atmosphere case. If we can achieve contrasts of 2e − 4 in H-band, or
4e− 4 in Kband, we will be able to constrain hot Jupiter GCMs by measuring low resolution spectra across the orbit of
the planet.

3.1 Observations and Data Reduction

Data for PRIME are taken in H-band grism mode (R∼190) with the MIRC-X instrument at the CHARA Array.
Here we present early results from data taken in 2021 October (4 nights), which includes data with the newly
commissioned MYSTIC instrument.30,31 MYSTIC takes data in the K-band, and is used simultaneously with
MIRC-X. For K-band MYSTIC, we used the prism R∼50 mode. Since Ups And is a bright star (H=3.0) that
is only resolved on the longest baselines (UD=1.097 mas), this is a relatively simple target to observe with
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MIRC-X/MYSTIC. The challenge of this program comes in achieving the SNR and closure phase precision
to be able to detect the flux from the planet which is at an expected level of contrast approaching 5,000:1.
Normally, interferometric observations employ frequent pointings to calibrator stars (sources with known sizes).
This allows one to calibrate losses in the visibility due to atmospheric or systematic effects. For our program
we are attempting to detect the hot Jupiter in the closure phase signal, which is immune to atmospheric effects.
Ref. 16 showed that the level of precision needed to detect Ups And b in the closure phase is at the ∼0.1 degree
level in H-band. At this level, we detect systematic features in closure phase across the night which need to be
calibrated. Though we observed some calibrators on these nights, we find that the target data itself is best for
modeling closure phase systematics (since Ups And is bright and we spent most of the night on-target, our closure
phase precision is significantly better compared to shorter calibrator pointings). We describe our self-calibration
routine in the next section, and note that future runs will drop pointings to calibrators altogether so that we
can spend as much time as possible integrating on target.

We use the MIRC-X pipeline (version 1.3.3, which also reduced MYSTIC data) to produce OIFITS files for
each night.8 At this stage, we do not yet carry out any calibration of our target data. So the closure phase and
visibility that the pipeline measures will be raw (i.e. uncalibrated). Since we take extra cleaning and calibration
steps for project PRIME, we want short integrations of closure phase at this step which will be averaged together
at a later step. Hence we reduce our data with an oifits max integration time of 30 seconds, and a number of
coherent integration frames (ncoh) of 10. We also apply the bispectrum bias correction of the pipeline. After
obtaining our 30-second chunks of closure phase measurements across a night, we then clean up our data with
an IDL routine specially made for this program. This routine follows the principles described in Ref. 22 for
the MIRC pipeline, which was well tested to flag and remove bad data and average together closure phase and
visibility. This script then cleans the data by removing outliers and averages the closure phase measurements
into 15-minute chunks. For MYSTIC, we now have clean datasets with 7–9 spectral channels for the R∼50 mode.
Our MIRC-X data is taken with a higher resolution, so we perform a median filter across wavelength to average
our data from ∼34 spectral channels to 7–9 channels. At this step we now have cleaned and averaged closure
phases for each night, though these measurements are still uncalibrated.

3.2 Self-Calibration for Achieving Precision Closure Phase

At this stage, our closure phase precision is already at the sub-degree level in standard deviation across time and
triangles for both MIRC-X and MYSTIC. However, we do see systematic features in the closure phase which are
not from the hot Jupiter planet. Fig. 9 shows MYSTIC closure phase data across time for one spectral channel
during the night of 2021Oct21. As can be seen, there are clear drifts with time and some odd “dips” in the
closure phase signal. These need to be calibrated out in order to detect any signal from a hot Jupiter planet. It
is especially worthy to note that multiple triangles share a strong “dip” feature as the source is transiting (i.e.
passing through its highest point) in the sky. This potentially hints at a polarization issue which is affecting our
data at a sub-degree level.

Ref. 16 described a calibration model which greatly improved the precision of MIRC data on Ups And b.
In that work, the authors used calibrator sources to model closure phase behavior as a function of altitude and
azimuth of the target in the sky. However, the expected closure phase signal from the hot Jupiter exoplanet does
not follow these trends with altitude and azimuth. And hence we can use the target data itself to model these
systematic effects. This way we do not need to extrapolate the model into regions where there is no calibrator
data, and we have higher precision data to model such effects since more time is spent on the bright, high SNR
target star. Additionally, it means that we are able to integrate on-target all night which increases our coverage
and signal for the extremely faint hot Jupiter companion. We find the following model to best describe the
systematic features in closure phase with altitude and azimuth:

ϕ = a0 + a1 ∗Az + a2 ∗Az2 + a3 ∗Az ∗Alt + a4 ∗Alt + a5 ∗Alt2, (2)

where ϕ is the closure phase signal due to systematic drifts, an are fitted coefficients, and Az and Alt refer
to the target azimuth and altitude.
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Figure 9. We plot the MYSTIC closure phase for one spectral channel across hour angle during the observing run of
2021Oct. Each box represents one of the 20 closing triangles of the CHARA array. Though we are already looking at
sub-degree features, the drifts and dips need to be calibrated out in order to reach the precision needed to detect the flux
from a planet. Five triangles are highlighted in particular to show strong drops in closure phase, which happen to occur
as the source Ups And is passing through its highest point in the sky.

We use the model of Equation 2 to fit for each spectral channel separately, and combine all the nights of a
single run together to fit for the coefficients per spectral channel. Figure 10 shows our model fit on a select few
triangles. We are able to capture many of the drifts with our model of altitude and azimuth, which increases the
closure phase precision for both instruments. Once we subtract out these systematics from the target closure
phase data, we are ready to search for the flux from the hot Jupiter planet.

3.3 Grid Search Routine

Once we have our final reduced, cleaned, and self-calibrated closure phase data, we can begin to search for the
signal from the high contrast planet. To do so, we fit a Keplerian orbit model directly to the closure phases.
All nights from a single run are fit simultaneously. The orbital elements for a planet/binary orbit consist of
an orbital period P , a semi-major axis a, an inclination i, an eccentricity e, the longitude of periastron ω, the
position angle of the ascending node Ω, and the time of passage through periastron T . For a given observation
time these orbital elements will predict the position (∆x, ∆y) of a companion relative to the primary star at
the origin. The closure phase signal is then set by this position, along with a flux ratio f = fstar/fplanet, and
a uniform disk (UD) size for the primary star and planet. Hence we can fit to our data with the binary orbital
elements, planet/star contrast, and uniform disk size of Ups And as free parameters.
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Figure 10. We show our model vs. data fits for the 2021Oct shared MYSTIC (left column) and MIRC-X (right column)
runs. We are plotting a single spectral channel, for three triangles of each instrument. Our model fits for the coefficients
in Equation 2 to calibrate out systematic drifts in closure phase with altitude and azimuth. As mentioned in the text,
we use our target data itself for self-calibration. While most of these trends are at the sub-degree level, our model does
indeed capture some of the closure phase drifts to increase our precision.

Ups And b has been characterized in RV, which provides many of the known orbital elements of the planet.
Ref. 29 most recently published an updated RV orbit for this planet, and hence we are able to use these values
to inform our searches. We fix P = 4.617111 days, e = 0.012, ω = 224.11◦, and T = 50033.55 MJD from the
fitted values to the RV data for Ups And b. We also set the host star UD = 1.097 mas,16 and we keep the
planet size unresolved at 0.1 mas. Hence our free parameters are then a, i, Ω, and f . However, since we know
the mass of the star (1.31±0.02 M⊙

29), the orbital period, and the distance to the system (13.48±0.04 pc,32)
we also have a good estimate of the orbital semi-major axis: a = 4.4 mas. We also note that Ref. 29 reported
the orbital inclination of Ups And b to be 24±4◦. However, this value is not as reliable as the others, since it
depended on the detection of water vapor in the atmosphere of the planet which Ref. 33 calls into question based
on simulations of these features which suggest that it should not have been detectable. To search for the planet
we perform a brute force grid search over the parameters of a, i, and Ω, letting the flux ratio f vary as a free
parameter at each step. We vary a from 3–6 mas at a step size of 0.1 mas (later, we fix it as a free parameter at
the known value of 4.4mas), i from 0–180◦ at a step size of 3◦, and Ω from 0–360◦ at a step size of 2◦. We then
look for the minimum χ2 location to find the location of the planet, plotted in the next section as heat maps.
We use the Python package lmfit34 to perform our χ2 minimization at each step of the grid (note that only the
flux ratio varies as a free parameter at each step).
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3.4 Ups And b – MIRC-X and MYSTIC Injection Tests

To test whether or not our self-calibration routine is working, we first inject a planet signal into the raw closure
phase of our MIRC-X and MYSTIC data. This injected planet has the RV orbital elements described previously,
and we added this planet at an inclination of 24◦ and an Ω of 51◦. We then ran our data through the cleaning
and self-calibration pipelines described above, to see whether or not we could recover the signal from injected
planets of varying contrasts. Figure 11 shows the results of these tests. As can be seen, with MIRC-X the
injected planet is recovered at the expected position at contrast levels down to 2e − 4. For MYSTIC data we
successfully recover the best-fit location for contrasts of 4e-4 and 3e-4, though it is still visibly present down to
2e-4 (if combined with a MIRC-X detection, this would be quite convincing). Although we recover the correct
position in most cases, the fitted contrast is not always equal to the injected contrast. This could be due to
complications from the real planet signal itself, which is expected to be present in our data. Future work will
dedicated to recovering the flux from Ups And b in these datasets and others. If successful, we will be able to use
our detections to constrain the spectra in Fig. 8. Our injection tests suggest we are now reaching the contrasts
necessary to make such a detection with MIRC-X and MYSTIC.

MIRC-X
Injected f2/f1 = 4e-4 Injected f2/f1 = 3e-4 Injected f2/f1 = 2e-4

MYSTIC
Injected f2/f1 = 4e-4 Injected f2/f1 = 3e-4 Injected f2/f1 = 2e-4

Injected 4.0e-4
Recovered 4.1e-4

Injected 3.0e-4
Recovered 3.5e-4

Injected 2.0e-4
Recovered 2.9e-4

Injected 4.0e-4
Recovered 2.8e-4

Injected 3.0e-4
Recovered 2.2e-4

Injected 2.0e-4
Recovered 1.9e-4

MIRC-X

MYSTIC

Figure 11. In order to test our self-calibration routine and explore MIRC-X and MYSTIC contrast limits, we inject
planet signals to our 2021Oct dataset at the predicted location of Ups And b for varying star/planet contrasts. The
arrows point toward the injected location in these χ2 heat maps. We successfully recover the planet down to a contrast
of 2e− 4 with MIRC-X, and we can see the planet signal at this contrast for MYSTIC. Our recovered contrast values do
not always match the injection, which could be a sign that we are seeing some signal from the true planet.

4. CONCLUSIONS

Long baseline interferometry is a powerful technique for studying exoplanets in regimes that are off-limits to
instruments on single-dish telescopes. We developed two techniques to probe unique regimes of exoplanet science.
Project ARMADA utilizes the incredible astrometric precision in differential measurements of binary stars with
MIRC-X/CHARA and GRAVITY/VLTI in order to search for companions down to planet masses, while Project
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PRIME aims for precision closure phase measurements at MIRC-X/CHARA in order to directly detect the flux
from non-transiting hot Jupiters.

In Sec 2 we described our methods for maintaining ∼10s µas astrometry over multiple years on binary systems
separated by up to 200 mas. This is challenging in practice, since systematic errors in differential astrometry
scale with the separation of the binary. The MIRC-X instrument at the CHARA array reports a nominal ∼1e-3
error in precision, and we need to achieve at least 1e-4 precision for 100–200 mas binaries. We implemented
a wavelength calibration scheme with MIRC-X at the CHARA array to maintain astrometric precision at the
few tens of micro-arcsecond scale, which is about an order of magnitude better than what is achievable without
such calibration at CHARA. This work has also led to the publication of some of the most precise astrometric
binary and triple orbits in the field. We have published 15 previously unseen companions of stellar mass in
our ARMADA binary sample. Many of these inner “wobble” motions from new companions are at the <1 mas
level, demonstrating the incredible precision possible with this method. We also show that we are probing the
substellar mass regime for a number of our ARMADA binary targets without detections, though our method still
struggles to reach down to 1 Jupiter mass. This is particularly true for the more massive and further out systems
in our sample, where precision <10 micro-arscseconds is needed to detect such planets. This precision will not
soon be achieved by other methods either. The Gaia mission will be the closest to achieving such astrometric
precision for intermediate mass stars, with expected single-epoch precision of 50 µas by the end of its 5-year
mission. Ref. 35 predicts that Gaia may have the precision to detect 1 MJ planets around A-stars within 20
pc, though this is still uncertain due to the brightness of the sources. In any case, this does not leave a large
amount of intermediate mass stars for Gaia to find lower mass planets. Since our goal is to detect ∼1 MJ planets
at the au-regime around A/B-type stars, every improvement that can be made to the astrometric precision at
CHARA and VLTI is crucial to get closer to achieving this goal. The most likely culprit currently limiting our
astrometry of 200 mas binaries is the control of the starlight pupils. As described in Ref. 36, abberations or
shifts in the pupil injection can result in errors which effectively amount to measuring the incorrect length for the
interferometer baseline. Just as required for wavelength precision, our baseline knowledge must also be known
better than 1e-4 for 10 µas astrometry of a 100mas binary. With adaptive optics now implemented at VLTI,
and partially implemented at CHARA, the control of the pupils should be improving with time. Unfortunately,
we did not have a way to reliably monitor this across our ARMADA survey. Future instruments at CHARA
such as SPICA will monitor the pupil injection, and there are efforts planned to carry out such monitoring with
MIRC-X as well with the upcoming STST pupil monitor. A worthwhile future study would be to test how pupil
injection affects astrometry, and to perhaps monitor or correct for such shifts in order to probe down to <10 µas
differential astrometry.

In Sec 3 we described our continuing efforts to use interferometry for characterizing close-in exoplanets. Ref.
16 pioneered the efforts to use the CHARA array to directly detect the H-band spectrum of non-transiting hot
Jupiter Ups And b. Since that work MIRC was upgraded from 4 telescopes to using all 6, and its detector
and optics were upgraded to the current MIRC-X instrument. The MYSTIC instrument was also recently
commissioned to take data in the K-band simultaneously with MIRC-X. We obtained 4 nights of data on this
system in 2021 October with both MIRC-X and MYSTIC. To acheive the precision needed for a detection, we
modeled closure phase systematics across sky position. We developed a self-calibration method which uses the
target data itself, and verified that our method was recovering the correct signal with injected planets. We were
able to recover an injected planet signal down to 2e-4 contrast for MIRC-X. We could still see the planet signal
at this contrast with MYSTIC, though it was no longer the preferred solution. These contrasts are already
a remarkable achievement from ground-based long baseline interferometers. Only the recent work of Ref. 15
has demonstrated such high contrast detections at ∼100 mas with the GRAVITY instrument at VLTI, and this
contrast has never been achieved for a <5 mas companion like Ups And b. We produced up-to-date model spectra
for Ups And b as a function of its orbital phase. These spectra demonstrate the type of constraints that our data
could place on global circulation models for non-transiting hot Jupiters. As expected, the K-band contrast was
always more favorable than the H-band for these types of planets. This makes our method desirable for K-band
instruments like GRAVITY and MYSTIC, particularly when combining results from an H-band instrument like
MIRC-X. Future work and follow-up observations will focus on searching for the signal from the true planet, and
constraining hot Jupiter GCMs if successful. We note that there is a sudden drop in closure phase on multiple
baselines as the observed object is transiting in the night sky. This is likely a sign of polarization effects from
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interference optics, and hence it can potentially be modeled if we understand the polarization behavior of our
beam train. Modeling polarization effects is a major goal of upcoming work on MIRC-X and MYSTIC, and
carrying out such efforts will surely help Project PRIME in the future. We demonstrated that contrasts down
to 2e-4 at <5 mas can be reached by combining multiple nights of data with current instruments. This contrast
is already promising for follow-up of brown dwarfs and planets that Gaia will detect in astrometry. Many such
detections will require interferometric techniques for follow-up characterization, since many will be at separations
too close to the host star to probe with single dish telescopes.
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Percheron, I., Perraut, K., Perrin, G., Pflüger, A., Pfuhl, O., Phan Duc, T., Plewa, P. M., Popovic, D.,
Rabien, S., Ramı́rez, A., Ramos, J., Rau, C., Riquelme, M., Rohloff, R. R., Rousset, G., Sanchez-Bermudez,
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