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Abstract

The characterization of young planets (<300 Myr) is pivotal for understanding planet formation and evolution. We
present the 3—5 ym transmission spectrum of the 17 Myr, Jupiter-size (R ~10R.,) planet, HIP 67522b, observed
with JWST NIRSpec/G395H. To check for spot contamination, we obtain a simultaneous g-band transit with the
Southern Astrophysical Research Telescope. The spectrum exhibits absorption features 30%—-50% deeper than the
overall depth, far larger than expected from an equivalent mature planet, and suggests that HIP 67522b’s mass is
<20 M, irrespective of cloud cover and stellar contamination. A Bayesian retrieval analysis returns a mass
constraint of 13.8 &= 1.0 M,;,. This challenges the previous classification of HIP 67522b as a hot Jupiter and instead,
positions it as a precursor to the more common sub-Neptunes. With a density of <0.10 gcm >, HIP 67522 b is one
of the lowest-density planets known. We find strong absorption from H,O and CO, (>70), a modest detection of
CO (3.50), and weak detections of H,S and SO, (~2¢). Comparisons with radiative-convective equilibrium
models suggest supersolar atmospheric metallicities and solar-to-subsolar C/O ratios, with photochemistry further
constraining the inferred atmospheric metallicity to 3 x 10 solar due to the amplitude of the SO, feature. These
results point to the formation of HIP 67522b beyond the water snowline, where its envelope was polluted by icy
pebbles and planetesimals. The planet is likely experiencing substantial mass loss (0.01-0.03 M Myr "),

2 NSF GRFP.

30 NC Space Grant GRFP.
3! NHFP Sagan Fellow.
32 51 Pegasi b Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.


https://orcid.org/0000-0001-5729-6576
https://orcid.org/0000-0001-5729-6576
https://orcid.org/0000-0001-5729-6576
https://orcid.org/0000-0003-3654-1602
https://orcid.org/0000-0003-3654-1602
https://orcid.org/0000-0003-3654-1602
https://orcid.org/0000-0002-9464-8101
https://orcid.org/0000-0002-9464-8101
https://orcid.org/0000-0002-9464-8101
https://orcid.org/0000-0002-8518-9601
https://orcid.org/0000-0002-8518-9601
https://orcid.org/0000-0002-8518-9601
https://orcid.org/0000-0002-5113-8558
https://orcid.org/0000-0002-5113-8558
https://orcid.org/0000-0002-5113-8558
https://orcid.org/0000-0003-4459-9054
https://orcid.org/0000-0003-4459-9054
https://orcid.org/0000-0003-4459-9054
https://orcid.org/0000-0003-0156-4564
https://orcid.org/0000-0003-0156-4564
https://orcid.org/0000-0003-0156-4564
https://orcid.org/0000-0003-2631-3905
https://orcid.org/0000-0003-2631-3905
https://orcid.org/0000-0003-2631-3905
https://orcid.org/0000-0002-7119-2543
https://orcid.org/0000-0002-7119-2543
https://orcid.org/0000-0002-7119-2543
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0009-0006-5319-8649
https://orcid.org/0009-0006-5319-8649
https://orcid.org/0009-0006-5319-8649
https://orcid.org/0000-0003-1133-1027
https://orcid.org/0000-0003-1133-1027
https://orcid.org/0000-0003-1133-1027
https://orcid.org/0000-0002-5094-2245
https://orcid.org/0000-0002-5094-2245
https://orcid.org/0000-0002-5094-2245
https://orcid.org/0000-0001-9667-9449
https://orcid.org/0000-0001-9667-9449
https://orcid.org/0000-0001-9667-9449
https://orcid.org/0000-0002-1176-3391
https://orcid.org/0000-0002-1176-3391
https://orcid.org/0000-0002-1176-3391
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0001-7246-5438
https://orcid.org/0000-0002-8399-472X
https://orcid.org/0000-0002-8399-472X
https://orcid.org/0000-0002-8399-472X
https://orcid.org/0000-0001-7336-7725
https://orcid.org/0000-0001-7336-7725
https://orcid.org/0000-0001-7336-7725
https://orcid.org/0000-0003-1240-6844
https://orcid.org/0000-0003-1240-6844
https://orcid.org/0000-0003-1240-6844
https://orcid.org/0000-0001-9811-568X
https://orcid.org/0000-0001-9811-568X
https://orcid.org/0000-0001-9811-568X
https://orcid.org/0000-0001-8504-5862
https://orcid.org/0000-0001-8504-5862
https://orcid.org/0000-0001-8504-5862
https://orcid.org/0000-0003-4150-841X
https://orcid.org/0000-0003-4150-841X
https://orcid.org/0000-0003-4150-841X
https://orcid.org/0000-0001-9982-1332
https://orcid.org/0000-0001-9982-1332
https://orcid.org/0000-0001-9982-1332
https://orcid.org/0000-0003-2053-0749
https://orcid.org/0000-0003-2053-0749
https://orcid.org/0000-0003-2053-0749
https://orcid.org/0000-0002-8163-4608
https://orcid.org/0000-0002-8163-4608
https://orcid.org/0000-0002-8163-4608
https://orcid.org/0000-0003-4733-6532
https://orcid.org/0000-0003-4733-6532
https://orcid.org/0000-0003-4733-6532
https://orcid.org/0000-0002-3321-4924
https://orcid.org/0000-0002-3321-4924
https://orcid.org/0000-0002-3321-4924
https://orcid.org/0000-0001-5442-1300
https://orcid.org/0000-0001-5442-1300
https://orcid.org/0000-0001-5442-1300
https://orcid.org/0000-0001-8499-2892
https://orcid.org/0000-0001-8499-2892
https://orcid.org/0000-0001-8499-2892
https://orcid.org/0000-0002-1337-9051
https://orcid.org/0000-0002-1337-9051
https://orcid.org/0000-0002-1337-9051
https://orcid.org/0000-0002-0747-8862
https://orcid.org/0000-0002-0747-8862
https://orcid.org/0000-0002-0747-8862
https://orcid.org/0000-0002-4489-0135
https://orcid.org/0000-0002-4489-0135
https://orcid.org/0000-0002-4489-0135
mailto:pachia@live.unc.edu
https://doi.org/10.3847/1538-3881/ad81d7
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad81d7&domain=pdf&date_stamp=2024-12-02
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad81d7&domain=pdf&date_stamp=2024-12-02
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 168:297 (24pp), 2024 December

Thao et al.

sufficient for envelope destruction within a gigayear. This highlights the dramatic evolution occurring within the

first 100 Myr of its existence.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheric composition (2021); Exoplanet evolution (491);
James Webb Space Telescope (2291); Starspots (1572); Transmission spectroscopy (2133)

Materials only available in the online version of record: data behind figure

1. Introduction

A long-standing problem in exoplanet research is under-
standing how planets evolve. The simplest observational path
to solving this problem is to compare the properties of planets
as a function of age. While the majority of discovered planetary
systems are either old (>>1 Gyr) or have unconstrained ages, the
recent surveys conducted by the K2 and Transiting Exoplanet
Survey Satellite (TESS) missions of nearby young clusters and
associations have led to the discovery of a handful of young,
transiting exoplanets (e.g., L. G. Bouma et al. 2020, 2022;
D. Nardiello 2020; M. L. Wood et al. 2023). Intriguingly, the
radii of these worlds are larger than their older counterparts at
similar orbital separations (S. Vach et al. 2024), suggesting that
atmospheric loss and secular cooling shape planet populations
over time (J. E. Owen & Y. Wu 2017).

Mass measurements are essential for providing a more
quantitative test of planetary evolution models. While a young
planet may seem similar in size to an older one, its mass may be
significantly lower due to radius inflation from a high internal
entropy (E. D. Lopez & J. J. Fortney 2014). However, such
comparisons between young (<300 Myr) and mature (>1 Gyr)
planets are complicated by the challenges of measuring young
planet masses in the presence of strong stellar activity
(Q. H. Tran et al. 2021; S. Blunt et al. 2023).

J. de Wit & S. Seager (2013) proposed a method to deduce a
planet’s mass from its transmission spectrum by leveraging the
correlation between the planet’s surface gravity and atmo-
spheric scale height (H). This relationship significantly
influences the strength of the spectral features observed during
transit: planets characterized by a low surface gravity and a low
mean molecular weight will exhibit a larger scale height—
making them excellent targets for mass determination through
their transmission spectrum.

In addition to the mass, characterizing young planetary
atmospheres adds a crucial piece of information to the puzzle of
planet formation, as their atmospheres may be one of the most
pristine tracers of early formation and evolutionary processes.
Using HST/WFC3, four young exoplanets with well-con-
strained ages have had their atmospheres characterized through
transmission spectroscopy. The intermediate-aged planets
Kepler-51b and Kepler-51d (500-700 Myr; J. E. Libby-Roberts
et al. 2022) both exhibit featureless transmission spectra, while
the 10 Myr K2-33b possesses a significant slope from the
optical to the near-IR (NIR) wavelengths (P. C. Thao et al.
2023). The latter may be attributed to photochemical hazes
(L. Wang & F. Dai 2019; P. Gao & X. Zhang 2020; K. Ohno &
Y. A. Tanaka 2021), or a circumplanetary dust ring (K. Ohno
et al. 2022). The 23 Myr V1298 Tau b exhibits a clear
atmosphere with a significant strong HO absorption feature
(S. Barat et al. 2024).

With JWST ’s ability to observe across the optical to mid-IR
wavelengths, we are at a critical juncture for characterizing the
atmospheres of very young planets (<100 Myr) to understand
their formation environment, evaluate their migration history,

and refine atmospheric models. To this end, we explore the
transmission spectrum of HIP 67522 b, a young gas giant first
discovered through photometry from TESS (A. C. Rizzuto et al.
2020). With a radius of ~10 R, and a period of 6.96 days, the
planet lands well within the nominal definition of a hot Jupiter
(Figure 1); however, the lack of a precise mass measurement—
only an upper limit of <5M, from A. C. Rizzuto et al. (2020)—
introduces ambiguity into this classification. The young age
(r=17+2 Myr) is derived from the host star’s kinematic
membership in the Upper-Centaurus-Lupus region of the
Scorpius-Centarus OB association, establishing HIP 67522 b
as one the youngest gas giants known to transit.

In this paper, we analyze 14 transits of HIP 67522 b, which
were obtained between 2019 and 2023 using TESS, Southern
Astrophysical Research Telescope (SOAR), and JWST. The
details of each observartions are summarized in Table 1. The
combined data set spans from the visible to the infrared
(0.5-5 um), allowing us to probe the planet’s atmosphere, the
extent of contamination from stellar activity, and put further
constraints on its mass. The paper is presented as follows:
Sections 2 and 3 describe our TESS and SOAR observations,
along with details on transit fitting. Section 4 describes the
process of constructing the spectral energy distribution (SED)
of the host star. Sections 5 presents details on our JWST data
reduction and creation of the transmission spectrum. In
Sections 6 and 7, we interpret the JWST transmission spectrum
using interior and atmospheric models to constrain the planet
mass and atmospheric composition. We perform a Bayesian
retrieval analysis in Section 8. We explore the impact of stellar
surface inhomogeneities from the host star on the transmission
spectrum in Section 9. We discuss the implications of our
findings in Section 10 and state our conclusions in Section 11.

2. TESS
2.1. Observations and Set-Up

HIP 67522 b (TIC 166527623; HD120411) was first
discovered with the TESS (G. R. Ricker 2014) in Sector 11,
which was observed from 2019 April 22 to May 21. The target
was preselected for short cadence (G011280; PI Rizzuto).
Subsequently, HIP 67522 was re-observed in Sector 38 (2021
April 28 to May 26) and Sector 64 (2023 April 6 to May 4). For
the Sector 38 observations in Cycle 3, the target was
preselected for 120 s cadence observations for two programs:
G03141 (PI: E. Newton) and G03130 (PI: A. Mann) due to the
youth of the planet. For the Sector 64 observations in Cycle 5,
the target was preselected for 20 s cadence for two programs:
GO05015 (PI: B. Hord) and G05106 (PI: E. Gillen) to search for
companions around the planet and to observe stellar flare
activity. In total, there were 12 transits observed by TESS in
Sectors 11, 38, and 64.

The data was processed by the Science Processing and
Operations Center (SPOC) pipeline (J. M. Jenkins et al. 2016).
To enhance the data quality, we employed a custom extraction
pipeline as outlined in A. Vanderburg et al. (2019). The process
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Figure 1. Observed population of all planets from Kepler as a function of the
planet radius (Rs) and orbital period (days; A. Dattilo et al. 2023). Transiting
planets with an age under 700 Myr are depicted as circles, with colors
corresponding to their age derived from their host cluster or stellar association.
HIP 67522 b is outlined as a star and lands well within the mature hot Jupiter
part of parameter space. Planet properties from the NASA Exoplanet Science
Institute (2020).

Table 1
Observation Log

Telescope Filter Exp Time (s) Start Date (UT)
TESS Sector 11* TESS 120 2019 Apr 22
TESS Sector 38 TESS 120 2021 Apr 28
TESS Sector 64 TESS 20 2023 Apr 6
SOAR SDSS g’ 2.50 2023 Feb 26
JWST® NIRSpec/G395H 21,943 2023 Feb 26
Notes.

 Data is from the discovery paper A. C. Rizzuto et al. (2020).
b Only a partial transit was observed.

starts with the Simple Aperture Photometry curves (J. D. Twic-
ken et al. 2010), which we fit with a linear model that consists
of a 0.3 day basis spline, with the mean and standard deviation
derived from the spacecraft quaternion time series, seven
cotrending vectors from the SPOC pipeline data conditioning,
and a high-pass-filtered time series extracted from the SPOC
background aperture. Errors for each sector of data were
calculated using the standard deviation of the detrended and
normalized out-of-transit light curve. This yielded errors of
6.7 x 10~ and 1.4 x 107> for the 120s cadence (Sectors 11
and 38) and 20 s cadence (Sector 64) data, respectively.

We conducted a visual inspection and removed ~340 data
points corresponding to a flare in Sector 64. This particular
event falls within the time range of 2460,059.57 and
2460,059.65 BJDrpg and was subsequently excluded from
the analysis.

2.2. Transit Fitting

Unlike the SOAR data, the TESS data was not simultaneous
with the JWST data. The spot pattern may change between
transits, so the TESS data could not be fit simultaneously with
the JWST and SOAR data sets. Instead, our goal for analyzing
the TESS data was to provide constraints on wavelength-
independent parameters (e.g., orbital period and transit
duration) to improve the JWST fit. To this end, we utilized
MISTTBORN (MCMC Interface for Synthesis of Transits,

Thao et al.

Table 2
Priors on Limb-darkening Coefficients
Filter g1 2
TESS 0.409 £ 0.08 0.169 £+ 0.04
& 0.693 £ 0.08 0.101 £ 0.04
NIRSpec/G395H 0.120 £ 0.08 0.098 £ 0.04

Note. Limb-darkening priors are provided as the traditional linear and quadratic
terms, but were fit using triangular sampling terms.

Tomography, Binaries, and Others of a Relevant Nature)™ to
fit the transit photometry taken by TESS. MISTTBORN was
first detailed in A. W. Mann et al. (2016) with a significant
expansion detailed in M. C. Johnson et al. (2018). It uses
BATMAN (L. Kreidberg 2015) for generating the model transits,
emcee (D. Foreman-Mackey et al. 2013) to explore the transit
parameter space using an affine-invariant Markov Chain Monte
Carlo MCMC) algorithm, and celerite (D. Foreman-Mac-
key et al. 2017) to model the stellar variability with a Gaussian
process (GP).

We fit for 12 parameters in total. The first four parameters
were dedicated to regular transit features, which includes the
time of inferior conjunction (7y), the orbital period of the planet
(P), the planet-to-star radius ratio (R,/R,), and the impact
parameter (b). We also fitted for the stellar density (p,) and
included two parameters for limb darkening (u,, u,). Moreover,
our model incorporates five additional parameters as part of the
GP Model.

Our GP kernel is constructed from two stochastically driven
damped simple harmonic oscillators, characterized by two
Fourier modes: one at the rotation period and one at half the
rotation period. The GP parameters included the variability of
the amplitude of the fundamental oscillation (log A;), the
quality factor of the half-period oscillator (log @), the
difference in quality factors between the two oscillators
(A =0Q;— Q,), the primary signal period (log Pgp), and a
mixture term describing the amplitude ratio of the two
oscillators (m, where A;/A, =1+e ™). The inclusion of the
mixture term m facilitates sampling without the need for
bounds, while ensuring that the oscillator has the largest
amplitude at the full rotation period.

We applied Gaussian priors on the limb-darkening coeffi-
cients based on the values from the LDTK toolkit (H. Parviai-
nen & S. Aigrain 2015a), with errors accounting for
uncertainties in stellar parameters and the difference between
models used. A summary of the priors on the limb-darkening
coefficients is presented in Table 2. We also applied a Gaussian
prior on the stellar density, based on the stellar parameters
given by the discovery paper (p4/po = 0.46 £ 0.06; A. C. Riz-
zuto et al. 2020). All other parameters were sampled uniformly
with physically motivated boundaries (e.g., |b| <1+ Rp/R.,
0 <Rp/Ry < 1, and py >0).

We ran the MCMC using 100 walkers for 200,000 steps
including a burn-in of 20,000 steps. This was more than 50
times the autocorrelation time for all parameters, indicating it
was more than sufficient for convergence. All output
parameters from the MISTTBORN analysis are listed in
Table 3 with a subset of the resulting transit light curve fit
shown in Figure 2.

3 hitps:/ /github.com/captain-exoplanet/misttborn
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Table 3
TESS Transit Fitting Parameters

Description Parameters Value

System Parameters

First mid-transit midpoint Ty(BID)  2458604.023880:00033
Orbital Period P(days) 6959471823107
Planet-to-star radius ratio Rp/R, 0.06497 00014
Impact parameter b 0.16%0:17
Stellar density Px (Po) 0.436200%3
Limb darkening ¢ 0.12259:038
Limb darkening q2 03541004
GP Parameters
Amplitude of main peak log (Amp) —-8.910%
Decay timescale of the main peak log (Q1) 7.267 43
Height of second peak relative to log (m) —-0.71%
first peak
Decay timescale of the second peak log (Q2) 0.0033+0:505¢
Rotation period log (Pgp) 0.3490275 00043
Derived Parameters
Ratio of semimajor axis to stellar a/R, 11.631013
radius
Inclination i(°) 89.210%}
Transit depth 6 (%) 0.421 £ 0.022
Planet radius® Rp (Rg) 9.763*0504
Semimajor axis a (au) 0.0747+3:993%
Equilibrium temperature® Teq (K) 1176.0137¢

Notes.
4 Assumes a stellar radius of 1.38 & 0.06R..
® Assumes an albedo of 0 and full heat redistribution.

3. SOAR
3.1. Observations and Setup

We observed one transit of HIP 67522 b using the Goodman
High Throughput Spectrograph (J. C. Clemens et al. 2004)
attached to the 4.1 m SOAR atop Cerro Pachon, Chile. This
observation was taken simultaneously with our JWST
observations on UT 2023 February 26. The primary goal of
these observations were twofold: first, to check for signatures
of significant unocculted starspots, which often manifest as a
significantly deeper transit at bluer wavelengths (e.g.,
B. V. Rackham et al. 2018; P. C. Thao et al. 2020), and
second, to check for flares, which tend to be more energetic at
shorter wavelengths (J. R. A. Davenport et al. 2019).

We configured our observations as follows. We used the red
camera with a readout speed set to 750 Hz, ATTN 0, and the
Sloan g’ filter in the spectrograph’s imaging mode. In this
mode, Goodman has a default 7/2 circular field of view with a
pixel scale of 0”15 pixel . To decrease the readout time, the
Region of Interest setting was reduced to a 1500 pixel window
in the read direction. Since the target is bright, we defocused
the telescope slightly; significant defocusing was not possible,
as it impacts guiding. We opted for short exposures (2.5 s),
which also serve to help resolve out short-duration flares. In
total, we took 1282 images of HIP 67522.

At approximately 9AM UTC, the rotator unexpectedly
ceased its motion, resulting in the loss of guiding and causing
our target of interest to move out of the field of view. While we
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were able to guide by placing the star at the center of the field,
the broken rotator meant that all comparison stars rotated
around the center. Some of these images were recoverable,
albeit with lower photometric precision. Eventually, the
rotation pushed the best comparison stars off the chip; we
did not attempt to use any data past this, leaving us with the
first 1028 images. We applied bias corrections on all images in
our analysis. We built a median (dome) flat, but found that it
did not improve the precision for data before the rotator failure
and offered only marginal benefit post-failure.

We performed aperture photometry on the target and eight
nearby comparison stars. We used an optimal aperture (50
pixels) and estimated the sky background using an annulus
around each star with an inner and outer radius of 120 and 220
pixels, respectively. We built a master comparison starlight
curve using the robust weighted mean. We estimate the
uncertainties in each comparison starlight curve by building a
combined light curve from the other seven comparison stars to
remove the overall trend, then estimate the residual scatter
using the median absolute deviation. The assumption is that the
residual scatter is dominated by noise (random or systematic) in
a given comparison star. Since star-by-star uncertainties are
needed to build each combined curve as well as the final master
comparison star curve, this process was done iteratively until
the final uncertainty converged (change of <1%).

3.2. Transit Fitting

We fit the g’ data using the BATMAN model (L. Kreidb-
erg 2015) and emcee MCMC optimization (D. Foreman-Ma-
ckey et al. 2013). We fixed the wavelength-independent
parameters, planet inclination (i,), the ratio of semimajor
axis-to-stellar radius (af{ ), and the time of inferior conjunction
(Ty) to the values from the JWST broadband curve, the orbital
period to the value derived from the TESS data, the eccentricity
to zero, and the limb-darkening parameters to values from the
LDTK code (see Section 5). The remaining transit parameter,
Rp/Ry, was fit assuming a uniform prior. We tested fitting i,
ay, Ty, and the limb-darkening parameters assuming Gaussian
priors and found an almost negligible change in both the
resulting Rp/R, and uncertainties. The lack of change is, in
large part, because variations in these parameters can be
absorbed by the polynomial coefficients and their uncertainties.

To handle stellar variability, we fit for a second-order
polynomial in time. We tested adding airmass- or position-
dependent terms, as well as a third-order polynomial, and
found they offered no improvement over a second-order
polynomial in time (based on the Bayesian Information
Criterion, BIC; G. Schwarz 1978) and shifted the Rp/R, by
<lo. Further, a polynomial in time was used for the JWST
analysis (Section 5), keeping these two data sets more
consistent.

We ran the fit for 10,000 steps with 32 walkers, and checked
for convergence using the autocorrelation time. We repeated
the fit excluding all data after the rotator failed, and found the
change was insignificant for any parameter. The transit and
best-fit model are shown in Figure 3. The final planet-to-star
radius ratio was 0.0629 £ 0.0040. We use this value in our
exploration of the effect of unocculted spots (see Section 9).
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4. Host Star SED

Models of planetary atmospheres (Section 7.1) require an
input stellar SED. In particular, atmospheric photochemistry is
sensitive to the ultraviolet (UV) and visible flux (<8000 A).
We construct the required spectrum by combining direct
observations of HIP 67522 from HST and the Chandra X-ray
observatory with stellar models where needed.

HIP 67522 shows strong high-energy emission because of its
youth and rapid rotation, which permits detailed measurement
of its UV and X-ray flux. It has a spectral type of GO IV and is
still slightly more luminous than the zero-age main sequence.
For the red end of the SED (>5690 A), we used an updated
spectrum from A. C. Rizzuto et al. (2020). Briefly, their
spectrum was built by fitting available photometry with a grid
of spectral templates and BT-SETTL atmospheric models to fill
in gaps (e.g., regions of high telluric contamination) and
treating reddening as a free parameter. Our only change from
A. C. Rizzuto et al. (2020) was to add in Gaia DR3 photometry
to the fit, which resulted in a negligible overall change to the
spectrum. .

For 1162-5689 A, we used spectra taken with HST/STIS as
part of an MUSCLES Extension program of JWST Cycle 1
targets (HST-GO-16701; PI: A. Youngblood). HIP 67522 was
observed with HST/STIS on 2022 September 5 with the
G140L, G230L, and G430L gratings with total exposure times
of 141925, 2103 s, and 10s, respectively. We used standard

STIS data reduction tools. The pipeline wavelength calibration
was in error by ~100 km s~ in each spectrum. We re-extracted
each spectrum after supplying the correct SHIFTA1 keyword
and disabling the WAVECORR keyword. Light from HIP
67522 was detected in essentially all wavelength bins except
near detector edges, where sensitivity is generally low and/or
noise is high. We coadded the six G140L exposures, weighted
by the flux uncertainty, then spliced the three gratings together
using the contribution from the bluer spectrum where the
gratings overlapped.

Corrections for interstellar absorption and extinction were
applied in two ways. The effects of dust extinction (Ay=
0.12 +0.06 mag; A. C. Rizzuto et al. 2020) were removed
assuming a standard extinction law and Ry = 3.1. For typical
interstellar dust, this would correspond to a neutral hydrogen
column density of 2.1+1.1x10cm™> (P. Predehl &
J. H. M. M. Schmitt 1995). The bright Ly« line at 1215.67 A
is strongly affected by interstellar H I absorption. We found that
a reconstruction following the methods of A. Youngblood et al.
(2016) was not possible, so we spliced into the spectrum an
estimated Ly« profile using the scaling relations between Ly«
surface flux and stellar rotation period from B. E. Wood et al.
(2005). This estimate agreed closely with an estimate based on
a scaling relationship between Lya and stellar age from
I. Ribas et al. (2005).

The X-ray spectrum of HIP 67522 was observed by the
Chandra X-ray Observatory on 2021 February 8 using the ACIS-
S4 detector (OBSID 24675, PI: G. Garmire). No obvious
variability was detected in the 2.08 ks (35 minutes) observation.
The observed count rate is 0.093 £ 0.007 ct s_l, and the observed
0.3-10.0keV flux is 1.20+£0.09 x 10 "*ergem ?s~'. This
corresponds to an X-ray luminosity of 2.2 +0.2 x 10* ergs ™"
(log L, =30.35erg s~ "). The log ratio of X-ray luminosity in the
ROSAT band (0.1-2.4keV) to the bolometric luminosity is
—3.53. This ratio is at the level corresponding to “saturated”
coronal activity (O. Vilhu & F. M. Walter 1987; N. Pizzolato
et al. 2003; N. J. Wright et al. 2018) and coronal activity is likely
to continue at this level for several hundred million years
(C. P. Johnstone et al. 2021). An XSPEC (V. 12.13.0) single
temperature spectral fit to the data estimated a coronal
temperature of 1.164+0.08keV (~13MK). This Chandra
X-ray spectrum was used as direct input to the differential
emission measure (DEM) modeling.

The extreme ultraviolet (EUV) part of the SED is not directly
observable, and we make use of the fact that emission lines
observed in the HST/STIS and Chandra data form in the
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Figure 4. The spectral energy distribution (SED) for HIP 67522 (black). We label each component of the SED based on how it was derived, as described in Section 4.
For our photochemical model, we used a mix of empirical templates and PHOENIX models longward of 5690 A, but show the pure model version here (and note that

the differences were small).

transition region and corona, respectively. These regions of the
stellar atmosphere contain plasma with temperatures from
10*-10® K and are also responsible for forming the unobserved
stellar EUV emission from 123-1162 A. We use the differential
emission measure technique as implemented in G. M. Duvvuri
et al. (2021, 2023) to model the temperature and density
structure of the upper stellar atmosphere given the observed
FUV and X-ray data as inputs. We combine this model with
atomic data for transitions and continuum emission between
123 and 1162 A from CHIANTI v10.1 (K. P. Dere et al.
1999; G. Del Zanna et al. 2021) to fill in this unobserved
segment of the stellar SED.

We merged the optical-IR template spectrum with the
MUSCLES-constructed spectrum using an overlapping region
from 4500-5700 A. The offset between the two was small
(=1%), and consistent with random uncertainties in the
absolute calibration. Applying a correction had no impact on
the final results.

The spectrum will be available on the MUSCLES HLSP
website (https://archive.stsci.edu/prepds/muscles/). We pre-
sent the SED in Figure 4, showing how each component of the
SED was derived.

5. JWST
5.1. Observations and Setup

We obtained a single transit observation of HIP 67522 b on
2023 February 26 UTC using the Near Infrared Spectrograph
(NIRSpec) in the Bright Object Time Series mode on JWST.
This observation was part of our General Observer Proposal in
Cycle 1 (GO: 2498; PI: A. Mann). The observations were taken
with the G395H grating, F290LP filter, and recorded with a
176 x 176 fixed slit aperture with the spectra dispersed across
both the NRS1 and NRS2 detectors. The SUB2048 subarray
and NRSRAPID readout pattern were utilized. The observation
lasted approximately 8.9 hr. We acquired a total of 2703
integrations, with nine groups per integration, resulting in an
effective integration time of ~21943s.

Since the target’s brightness exceeded the limit for the Wide
Aperture Target Acquisition mode, we selected a nearby
acquisition source: Gaia DR3 36113920619134017152. For

this acquisition, the target was taken with a clear filter, and
recorded in the SUB32 subarray, employing the NRSRAPID
readout pattern. We acquired three groups per integration,
resulting in an effective exposure time of 0.045 s.

The JWST data encompassed a pre-transit baseline, but
missed the egress. This is due to a previously undetected
transit-timing variation (TTV). As a result of the TTV, a fit to
TESS and prior ground-based data yielded an erroneously low
period. Propagated to the JWST epoch, the predicted transit
time was ~30 minutes early, and the JWST transit came
10 minutes late even compared to a “correct” linear ephemeris.

The TTV exhibits a long period, causing it to be missed in
the original TESS data (the sinusoid is linear over that time
frame). However, this has been independently confirmed from
other ground- and space-based data and will be characterized
further in a forthcoming upcoming paper (P. C. Thao 2024, in
preparation).

We extracted the time-series spectra and measured transit
depths using three different procedures (with overlap), which
we deem Pipeline 1 (Section 5.2), Pipeline 2 (Section 5.3), and
Pipeline 3 (Section 5.4). Table 4 provides a summary
comparing the methods employed by the three pipelines for
reducing the data and fitting the transit light curves.

5.2. Pipeline 1: JWST Science Calibration Pipeline +
ExoTiC-JEDI

5.2.1. Reduction

We processed the data following the methods detailed in
D. Grant et al. (2023), employing a combination of the JWST
Science Calibration Pipeline and custom open-source routines
from ExoTiC-JEDI* (v.0.1-beta; L. Alderson et al. 2023).
Following the JWST standard pipeline, the data reduction
workflow is divided into two distinct stages: In Stage 1, the
uncalibrated raw data (uncal.fits) is converted into the
count rate data (rate.fits); in Stage 2, the pipeline
processes these outputs and extracts the calibrated spectra.
Following this reduction process, we employed custom codes
to fit the light curves.

3 hitps:/ /github.com/Exo-TiC/ExoTiC-JEDI


https://archive.stsci.edu/prepds/muscles/
https://github.com/Exo-TiC/ExoTiC-JEDI

THE ASTRONOMICAL JOURNAL, 168:297 (24pp), 2024 December

Thao et al.

Table 4
Summary of Transit Light-curve Fitting

Reduction Number 1 (Section 5.2)

2 (Section 5.3) 3 (Section 5.4)

Reduction
Spectral Images

JWST Pipeline + ExoTIC-JEDI
custom bias
group-level destriped
custom: MCMC, fit for spots
Fourth-order polynomial OOT, x and y
quadratic: fit u; and u,

LC Fitting Routine

Limb-darkening

custom trace fitting and

chromatic_fitting
Second-order polynomial OOT

ExoTIC-JEDI ExoTIC-JEDI
custom trace fitting and
outlier removal
custom: MCMC, fit for spots
Fourth-order polynomial OOT, x and y

quadratic: fit u; and u,

outlier removal

quadratic: fit u; and u,

For Stage 1, we leverage the JWST pipeline’s default
processing steps, commencing with the uncal files and
executing all of the STScI Steps designated for NIRSpec Stage
1 data. These steps include: group_scale, dg_init,
saturation, refpix, linearity, dark_current,
jump, ramp_fit, and gain_scale. Instead of relying on
the superbias provided by the JWST pipeline, which uses a
fixed detector bias reference image, we opted for the Exotic-
JEDI pipeline’s custom bias approach. This custom bias
subtraction method involves utilizing a bias image generated
from the median of the first groups. Subsequently, we
conducted tests with both the custom bias and the STScl
superbias; however, we elected to use the custom bias as it
resulted in a reduced median absolute deviation. After the jump
detection step (jump), we proceed to destripe the data at the
group level to mitigate the 1/f noise (Z. Rustamkulov et al.
2023). This process involves subtracting the column-wise
median background value from the pixels within each column.
To compute the median background values, we exclude pixels
flagged due to poor data quality, which includes dg_bits =0,
1,2,10,11, 13, 0r 19.

For stage 2, we initially applied the JWST pipeline’s default
processing steps, which include stsci_assign_wcs,
stsci_extract_2, stsci_srctype, and stsci_wa-
vecorr. Following this, we used ExoTiC-JEDI’s code to
perform outlier cleaning and destripe the rate images.
Subsequently, we repeated the outlier cleaning step once more
for further refinement. The reduced stellar spectra were then
extracted using a box extraction method, employing a width
equal to six times the measured standard deviation of the point-
spread function. We also used the optimal extraction method;
however, we found that the box extraction method yielded
slightly better results.

5.2.2. White Light Curve

We perform additional outlier removal steps for the light
curves from NRS1 and NRS2. Initially, we removed bad
columns (spectra), identified as having an rms scatter >5¢ from
the average of the four nearest columns. This process results in
the removal of seven columns from NRSI and 20 columns
from NRS2. Additionally, any data points with deviation
>3.5¢0 in the individual light curves are excluded. This step
removed one point from NRS1 and three points from NRS2.
We then merge the NRS1 and NRS2 light curves into a single
data set, sorting the combined data by time.

We fit the broadband curve with 20 free parameters in total.
The first four parameters were associated with the transit
model: T, the planet-to-star radius ratio (R,,/R*), a/Ry, ip and
two limb-darkening parameters (u; and u,). Five parameters
(a1, by, 1, dy, and ey) served as coefficients in a fourth-order
polynomial used to model the out-of-transit stellar variability,

which is expressed as:

LC=LC xa+ by x () + ¢ X (I)2+d1 X (l)3
+ e x (04, (D

where ¢ denotes the time, and LC is the light curve.

We also tested a third-order polynomial, but it left significant
red noise based on the Allan deviation (a measure of the
expected noise versus measured as a function of bin size).

We model two spot crossing events using Gaussians, which
provided better fits (lower red noise) than using triangle spots.
There is some evidence for a third spot near the end of the
observations, but attempts to add a third spot yielded fits not
statistically justified (based on the ABIC). We described each
spot with three parameters: the spot amplitude (A), the spot
duration (7), and the central location in time (7). The spot
parameters are modeled using Equation (2) from F. Dai et al.
(2017):

©))

—(r — 2
Spot(t) = A x exp[u].

272

The final three parameters were o, representing the under-
estimated errors (added in quadrature with the reported
uncertainties), and x; and y;, which the coefficients governing
the shifts in the X- and Y-pixel position of the spectra trace,
respectively. This is modeled as:

LC = LC X (.XI X Xghift + yl X yshift)’ (3)

where LC is the light curve and xgp,; and ygp;s are the change in
the x-pixel and y-pixel position of the spectral trace as functions
of time.

We put Gaussian priors on the parameters, To, a/R., and i,
using the values from the fit to the TESS light curves (Table 3).
Priors on a/R,, and i, from the TESS data were important
because of the lack of egress in the JWST data. We also put
Gaussian priors on u#; and u,, which were calculated from the
model values derived from BT-SETTL models using the
pyLDTk code (H. Parviainen & S. Aigrain 2015b; Table 2).

We ran the MCMC using 100 walkers for 100,000 steps
including a burn-in of 10,000 steps. All output parameters from
the Global Fit analysis are listed in Table 5, with a subset of the
parameter correlations shown in Figure 5. The white-light
curve and best-fit model are shown in Figure 6.

5.2.3. Spectroscopic Light Curves

We fixed wavelength-independent parameters, including t,
a/Ry., inc, Ty, Tgp 1, T2, and T 5 to the values obtained from the
broadband light-curve fit (Table 5). The posteriors for the
remaining 11 free parameters for each spectral bin were
obtained through MCMC analysis using 30 walkers over
30,000 steps, with a burn-in period of 5,000 steps. The bin size
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Figure 5. Posteriors from the MCMC fit of the JWST broadband light curve
using Pipeline 1 for the parameters, center of transit time (7p), ratio of the
semimajor axis-to-stellar radius (a/R"), and inclination (inc). In the histogram,
the dashed lines indicate the 16th and 84th percentiles. Figure was made with
corner.py (D. Foreman-Mackey 2016).

Table 5

JWST Broadband Transit Fit from Pipeline 1
Description Parameters Value
Transit midpoint [BIDpg] To 2, 460, 002.88080 5,013
Planet-to-star radius ratio R,/R, 0.0697410:00053
Semimajor axis-to-stellar radius a/Ry 11.3730670:13¢53
Inclination (°) inc 89.62017 034340
Limb darkening uy 0.237 £0.014
Limb darkening Uy 0.170 £ 0.017
Jitter In(0) —8.736792451%23

Stellar variability parameters

a 0.99787 + 0.00001

by 0.04784* 566079

¢ —0.151507001587

d 0.6987070 08081

e —1.928551 16857
Spot Parameters
Amplitude of Spot 1 A, 0.00026 + 0.00002
Spot duration of Spot 1 T 0.0089175:90104
Mid-transit time of Spot 1 T 60002.32103+3:500¢9
Amplitude of Spot 2 A, 0.00031..0.00002
Spot duration of Spot 2 T 0.005897330033
Mid-transit time of Spot 2 T2 60002.36527 + 0.00037

Systematic parameters

N 0.00105* 90033
" 0.00002+4:39937

was fixed to a 15-pixel resolution. Nearly all spectroscopic bins
exhibited Allan deviation consistent with anticipated noise
levels. The exceptions were a single outlier at 4.05 ym, and
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Figure 6. Broadband light curve of HIP 67522 b observed with JWST/
NIRSpec, which combines data from both NRS1 and NRS2. The top panel
shows the raw normalized data (gray data points) overlaid with the systematic
model (red line), as described in Section 5.2. During transit, there are two spot
crossings, which are highlighted. In the middle panel, the best-fit model from
our MCMC fit is overplotted with the systematic-corrected data. The bottom
panel shows the residuals. Green data points in each panel represent the binned
data at ~1.5 minute intervals. The egress was missed due to an unknown TTV.

several points at the edges of the detectors. We opted to remove
the single outlier but retained the edge points.

5.3. Pipeline 2: ExoTiC + Chromatic
5.3.1. Data Reduction with ExoTiC

For our second reduction method, we start with a similar
processing of the JWST uncalibrated images as mentioned in
Section 5.2. That is, we processed both Stage 1 and 2 data
products with ExoTiC~JEDI. For our jump detection step, we
use the recommended rejection threshold of 15. We used the
ExoTiC-JEDI custom background destriping at the group
level. For NRS1 and NRSI1, we destriped columns [1006,
2042] and [606, 2042], respectively. We masked the same poor
data quality flags described in Section 5.2.

We removed outliers in the Stage 2 processed images by
running ExoTiC_JEDI.CleanOutliersStep, which
uses the optimal extraction method of K. Horne (1986) to
identify and clean outliers. We used the default data quality
flags from the Stage 2 files to identify and interpolate over bad
pixels. We developed a custom routine for extracting the
spectral orders. We start by finding the location of the spectral
trace on the detector. To do this, we identified the peak of the
spatial profile in each column. We create a median filter from
these peaks as a function of (X, Y) pixel position on the
detector; our median filter used a window length of 23 pixels.
We identified outliers in the trace location by dividing the trace
(X, Y) peaks by the median filter and removing points that
deviated from 1 by < or >1.20. We fit a fourth-order
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polynomial to the spatial profile peaks, masking the columns
identified as outliers. This methodology was sufficient for both
NRS1 and NRS2.

We identified additional outliers in the images in two ways.
First, we identified outliers along the time-axis of our
observations. We computed the average for each pixel and
removed outliers that were >3.8¢0 from that average. For
pixels that were exceptionally noisy (ogq > 15), we used a
more aggressive outlier threshold of >2.50. Second, we
identified outliers along each row of each integration. To do
this, we ran a Savitsky-Golay filter with a window length of
101 and a second-order polynomial across each row. We
subtracted the Savitsky-Golay filter from the data to identify
outliers. We defined outliers as being >4c from the
difference between the data and the filter. Once outliers were
identified via these two methods, we interpolated over these
bad pixels using a linear interpolation with scipy.
interpolate.griddata. Once the integrations were
sufficiently cleaned, we extracted our spectra with a simple
box extraction with a box size of 8 pixels, as implemented in
transitspectroscopy (N. Espinoza 2022).

5.3.2. White Light Curve

We fit our white light curve using chromatic_
fitting.* This is an open-source Python package optimized
for efficient model fits to spectroscopic light curves to produce
transmission spectra. Within our fitting routine, we masked
outlier points that were >2.504. After the data were masked,
we fit the white light curve with 10 free parameters. The first
six parameters were associated with the transit model: T, the
stellar radius R,, the stellar mass M,, the impact parameter b,
RP/R*, and the quadratic limb-darkening parameters (u;, u,).
Additionally, we fit for the baseline flux value, and a second-
order polynomial to fit for out-of-transit stellar variability
expressed similarly to Equation (1), but without the last two
terms. We held the period, P, constant. We used a No U-Turn
Sampler (NUTS) Hamiltonian Monte Carlo method to optimize
our parameters. For this fit, we used four chains, 2000 tuning
steps, and 2000 steps, for a total of 4000 steps. We fit the light
curves from NRS1 and NRS2 separately. We did not find a
significant offset between the detectors when fit separately. We
define the errors as the 16th and 84th percentile values from our
sampling.

5.3.3. Spectroscopic Light Curves

For the spectroscopic fits, we fit seven parameters per
spectral bin. We fit: Rp/R*, u;, Uy, the baseline flux, and three
parameters for the second-order polynomial to describe the out-
of-transit stellar variability. All other parameters that were fit
for the white light curve and not fit for the spectroscopic light
curves were held constant to the best-fit values from the white
light-curve fits. These parameters include Ty, R,, M,, and b.
The fits were optimized using the same technique described in
Section 5.3.2. We fit 80 spectroscopic bins per detector. The
best-fit spectroscopic light curves were optimized separately,
e.g., there was no crosstalk between fits in neighboring
spectroscopic bins. We define the errors as the 16th and 84th
percentile values from our sampling.

3 https://github.com/catrionamurray /chromatic_fitting
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For this reduction, we did not fit for any starspot crossing
events in the data in either the white-light or spectroscopic
light-curve fits. The second-order polynomial accounted for
only the out-of-transit variability.

5.4. Pipeline 3: ExoTiC+ custom
5.4.1. White Light Curve

This analysis started with the reduced JWST spectra from
Section 5.3. We removed bad columns (spectra), identified by
>40 higher rms scatter than the four nearest columns. Two
columns from NRSI and 12 columns from NRS2 were
removed this way.

Measurement uncertainties can be estimated from the
spectra, but we opted to adjust these using the time series,
which also allow us to identify any outliers. To start, we flatten
the data using a 60-point running median (in time). We then
estimate the scatter using the median absolute deviation, and
remove any points >3.50 outside the running median. This
step typically removed between 2 and 15 points (0.1%-0.6%).
We then scaled the uncertainties estimates from the combined
spectra to match the estimates from the median deviation. This
correction was usually 5%—10%.

We fit the broadband light curve with 19 free parameters in
total. Six parameters were associated with the BATMAN model:
To, R,/Ry, a/Ry, iy, uy, and u, (as above). The period was
locked to the TESS value (Table 3), and we fixed eccentricity
to zero. We modeled the stellar variability using a fourth-order
polynomial with five free parameters. We model two spot
crossing events using Gaussians, as described in Section 5.2,
which adds three free parameters for each spot.

The light curve shows significant time variability on a
timescale of ~6 minutes. This is close to the 6.5 minute
periodic signal seen in the trace and FWHM variation from
NIRSpec commissioning time-series observations (N. Espinoza
et al. 2023). Similarly, we see a matching time variability in the
y-position of the trace. The effect is clearly visible in NRSI
data, but not NRS2. To correct for this, we fit for two linear
coefficients with the x-pixel and y-pixel shifts. Higher-order
corrections and corrections in the Y FWHM or x x y offered
negligible improvement.

We fit the broadband data with Gaussian priors on i, and
a/R, derived from the TESS curve, and on the two limb-
darkening parameters derived from LDTK (H. Parviainen &
S. Aigrain 2015b). As with Pipeline 1, i, and a/R,, priors were
imposed to compensate for the lack of egress, which made the
transit duration more difficult to constrain. All other parameters
evolved under uniform priors with only physical limits.

5.4.2. Spectroscopic Light Curves

For the spectroscopic fits, we fit 10 parameters per spectral
bin. These were R, /Ry, the five polynomial coefficients, two
spot amplitudes (A; and A,), and the two coefficients for the x-
and y-pixel shifts. All evolved under uniform priors. Spot
amplitudes were allowed to go negative to avoid Lucy-
Sweeney-type bias. We locked the limb-darkening parameters
to the model values derived from BT-SETTL models using the
LDTK code. Using a different model grid, nonlinear limb-
darkening laws, or simply letting the limb-darkening float,
resulted in a negligible change in the transit depth, primarily
because of a trade-off between limb-darkening and the


https://github.com/catrionamurray/chromatic_fitting

THE ASTRONOMICAL JOURNAL, 168:297 (24pp), 2024 December

Thao et al.

¢ Pipeline 1 © Pipeline 2 ¢ Pipeline 3
0.7 T — 1 T T T T T T T T T ]
Q) ;
S sgell
= 0.6 S i
- .‘. I‘L,.]\lll T.'.
2 Al
Q | + [ | 0 I (I‘
= ' ¢ ]
- 0.5 &
7
=]
g
= 0.4 -

1 N
4.0

Wavelength (um)

Figure 7. The transmission spectrum of HIP 67522 b from Pipeline 1 (blue data points; Section 5.2), Pipeline 2 (orange data points; Section 5.3), and Pipeline 3 (pink

data points; Section 5.4). All reduction pipelines are consistent with each other.

(The data used to create this figure are available in the online article.)

polynomial behavior. All other parameters were locked using
the fit to the broadband curve.

The MCMLC fit for each spectral bin was run for 10,000 steps
with 100 walkers. The resulting fits were excellent, yielding
Allan deviation plots consistent with expectations for almost all
bins. The exceptions were a single outlier at 4.05 ym, and the
four points at the edges of the detectors. We opted to remove
the single outlier but retained the edge points.

5.5. The Transmission Spectrum of HIP 67522 b

The spectrum from Pipeline 2 was offset from the other two
in terms of overall transit depth, most likely due to different
treatment of the polynomial fit, a/R,, and ip, and spot
handling. We shifted the overall spectrum (by 12% for NRS1
and 9% for NRS2), and show the resulting transmission spectra
in Figure 7. The transmission spectra from all three analyses are
broadly consistent in terms of spectral shape.

Some prior analyses have adopted an average of multiple
reductions (e.g., L. Alderson et al. 2023) for a finalized
transmission spectrum. However, the output from Pipeline 1
showed the best overall behavior, including the lowest red
noise in the residuals and the lowest point-to-point variability
(particularly past 4.5 um). The reduction in Pipeline 1 also
showed the weakest impact from the spectrum shifting along
the y-axis on the resulting light curve. As a result, we use the
reduction from Pipeline 1 for all subsequent analysis, but
confirm that the model fits and overall conclusions were similar
when using the other reductions.

The JWST transmission spectrum of HIP 67522 b is
dominated by features from H,O (2.8-3.5 yum) and CO,
(4.2-4.5 ym). Both features are exceptionally strong: 30%-—
50% deeper than the baseline transit depth (0.4% versus
~0.6%). A weak SO, feature is also present at 4.05 pm
(Figure 7). All three pipelines show a weak double-peak in the
CO; band (near 4.45 pm), which is expected, as the opacity for
CO, is double-peaked and is apparent in our model comparison
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below. There is also a small bump at 4.65 ysm, which is mostly
due to CO.

Using the amplitude of the spectral features, we can obtain a
preliminary estimate of the mass for a given planet radius and
equilibrium temperature (J. de Wit & S. Seager 2013). This is
achieved by exploiting the direct relationship between
transmission spectral feature amplitude and atmospheric scale
height using Equation (1) of K. B. Stevenson (2016):

2HR

P
AD ~ 222,
*

“

where AD is the transit depth difference spanned by a single
scale height (H). Given that a single large spectral band (e.g.,
the 4.3 ym CO, band) can span ~5H in a clear atmosphere
(S. Seager & D. D. Sasselov 2000), we find that H ~3000 km.
Assuming an atmospheric mean molecular weight of
2.3 gmol !, appropriate for a solar metallicity atmosphere,
our estimation yields a mass of only ~15 Ms—comparable to
the masses of Uranus and Neptune in the solar system;
remarkably, these planets possess radii less than half that of
HIP 67522 b. This estimated mass is consistent with the mass
derived from detailed atmospheric forward models, which
accounts for the impact of the mean molecular weight on scale
heights, as described in Section 7. This updated mass constraint
allows us to shed light on its bulk composition and thermal
evolution, which we discuss below.

6. Interior Modeling
6.1. Model Description

We construct 1D planetary thermal evolution models for
planet masses of 8, 10, 15, 20, 30, and 50 M,, that match the
observed radius, age, and instellation of HIP 67522 b. The
models are based on the D. P. Thorngren & J. J. Fortney (2018)
hot Jupiter models, which solve the equations of hydrostatic
equilibrium, mass conservation, and an equation of state (EOS)
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Figure 8. Left: radius evolution of HIP 67522 b for masses of 8 M., (red), 15 M., (blue), and 30 M., (green) assuming standard hot Jupiter interior heating. The dotted
blue line shows the 15 M, case without interior heating. Posterior predictive errors on the radius are shown only for the 15 M, cases, but those of the other cases are
similar in magnitude. Right: corner plot of the heated 15 M, posteriors, showing the bulk metallicity as a mass fraction (Z,), the intrinsic temperature of the planet
(Tiny), and the system age, which is in agreement with the age inferred from observations.

and evolve the interior energy in terms of the specific entropy
of the envelope using the J. J. Fortney et al. (2007) atmosphere
models. For simplicity, we assume that the planet is composed
of a gaseous envelope overlying a rocky core, with water vapor
acting as a proxy for heavy elements (“metals”) and mixed
within the envelope. We use the G. Chabrier et al. (2019) EOS
for the hydrogen/helium mixture, and Analytic Equation of
State (S. L. Thompson 1990) for the water and rock.

HIP 67522 b’s updated density is low enough that it
necessitated a change to how the models treat the outer layers
of the planet. The existing interior model does not extend past
the 10 bar pressure level to avoid incorrectly applying an
adiabatic temperature gradient above the radiative-convective
boundary; at lower pressures, the atmosphere is assumed to be
isothermal at the equilibrium temperature using a simple scale-
height calculation. We account for the change in gravity with
altitude in the atmosphere and find that the radius diverges to
infinity at small but nonzero pressures. At lower masses, this
pressure can reach pressures as high as ~nanobars, indicating
the lack of a stable hydrostatic structure. We interpret this as an
indication that boil-off (e.g., J. E. Owen & Y. Wu 2016) or
core-powered mass loss (S. Ginzburg et al. 2018) could occur
in these lower-mass cases for this planet, which can
significantly reduce its gas envelope mass and radius on
megayears to hundreds of megayears timescales. We will
discuss the possible impact of atmospheric loss on HIP 67522 b
via the aforementioned processes, as well as XUV photo-
evaporation, in Section 10.

To fit the forward models to the observed planet properties,
we use a Bayesian retrieval approach similar to the one used in
D. Thorngren & J. J. Fortney (2019). We used four parameters
to describe the state of the planet’s interior: the bulk metallicity
(Z,,), which is the mass ratio of metals in the planet to the total
planet mass; the water metal fraction (f,,), which is the mass

11

fraction of water mixed into the envelope as a fraction of the
total metal mass (which also includes the rocky core)36; the
intrinsic temperature, which is a proxy for the specific entropy
of the planet; and the age of the planet. Figure 8 (right) shows
the resulting posteriors for the 15 M, case.

As the equilibrium temperature of HIP 67522 b is greater
than 1000 K, the same inflation mechanism responsible for the
enlarged radii of hot Jupiters may play a role here, and thus we
allow for this extra heating by applying the predictions of
D. P. Thorngren & J. J. Fortney (2018). However, it is
unknown whether this heating mechanism remains active at ice
giant masses or lower, and so we also consider a case in which
no interior heating is added.

6.2. Intrinsic Temperature and Radius Evolution

The radius evolution implied by the posteriors for the 8, 15,
and 30 M, cases are shown in Figure 8 (left). For all of the
masses considered, the thermal inertia of the planet is low
enough that cooling from the initial hot state is very rapid. By
50 Myr, even the most massive planet (30 M) has largely
reached an equilibrium with its heating term, where the hot
Jupiter heating is equal to the intrinsic luminosity and the
planet’s specific entropy becomes constant in time. This results
in a constant intrinsic temperature of 250-300 K, depending on
the mass. At the present day, we predict that the intrinsic
temperatures are 281, 284, 296, 309, 331, and 375 K for the 8,
10, 15, 20, 30, and 50 M, models, respectively—a few tens of
Kelvin hotter than its old-age value, while the planet is around
half an Earth radius larger.

36 This parameter mainly serves to incorporate modeling uncertainty from the
metal composition into the inferred Z, and is not constrained by the data, and
so we omit it from our results.
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The dotted blue line in Figure 8 (left) shows the 15 M, case
without any additional heating. At the planet’s current age, the
difference in the radius evolution curves is not substantial, but
on gigayear timescales, the planet would be significantly
smaller. The intrinsic temperature will also perpetually
decrease, as is seen in the solar system giants, rather than
becoming constant.

6.3. Bulk Metallicity

For masses of 8, 15, and 30 M, we infer bulk metallicities
of 0.7908 £ 0.0483, 0.713 £ 0.048, and 0.624 +£ 0.043, respec-
tively. For the unheated 15 M., model, we find an only slightly
lower value of 0.678 £ 0.044. Thus, regardless of the exact
mass, we find that HIP 67522 b is mostly metal by mass, with a
radius that is inflated by high internal temperatures resulting
from youth or a combination of youth and hot Jupiter heating.
These inferred bulk metallicities are entirely reasonable under
the core-accretion model (J. B. Pollack et al. 1996), and imply
that the planet’s core grew large enough to begin accreting gas
in substantial amounts, but not so much that runaway accretion
occurred to form a hot Jupiter. If the metals were fully mixed
within the planet, then the equivalent atmospheric metallicities
would be 260.7739:7, 172.97503, 118.9737, and 148.9733 x
solar for the 8, 15, 30, and unheated 15M, models,
respectively. Comparing these values to those inferred from
the transmission spectrum (see below) can give us a sense of
the stratification of metals in the planet.

7. Atmospheric Modeling

We now interpret the transmission spectrum of HIP 67522 b
in detail by comparing it to model spectra grids computed from
self-consistent thermal structure models. This effort allows us
to more quantitatively constrain the planet’s mass, as well as
estimate its atmospheric metallicity ((M/H]) and carbon-to-
oxygen ratio (C/0). In addition, we consider the impact of
simple gray clouds and photochemistry on our mass and
atmospheric constraints. We describe the models and detail our
modeling results below.

7.1. Model Description

We use the radiative-convective-thermochemical equili-
brium model PICASO?” (N. E. Batalha et al. 2019; S. Mukh-
erjee et al. 2023) to generate temperature—pressure (TP) profiles
for our self-consistent, clear-sky atmospheric model grid and
compute model transmission spectra. We consider the same
masses as the interior models, along with atmospheric
metallicity [M/H] values of 0, 0.5, 1, 1.5, and 2 (e.g.,
1-100 x solar metallicity in half dex increments) and C/O
values of 0.25, 0.5, 1, 1.5, and 2x the solar value of 0.458
(K. Lodders et al. 2009), resulting in 150 models. We use the
intrinsic temperatures computed by the interior models
(Section 6.2) as input to PICASO to set the interior heat flux,
assuming the presence of hot Jupiter heating. We also
generated a nearly identical model grid that did not include
the hot Jupiter heating, but found that they resulted in
transmission spectra identical to the heated case; this was
expected, since the heating mostly affects the TP profile at
pressures higher than 1 bar, which the transmission spectra do
not probe. Correlated-k coefficients for the thermal structure

37 https: //github.com/natashabatalha/picaso
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modeling are taken from R. Lupu et al. (2023), while the
opacities used to generate the model spectra are from N. Bata-
lha et al. (2020, 2022). The self-consistent atmospheres span a
pressure range from 100 bars to 1 pbar, but we found that the
transmission spectra generated from this setup missed the top
of the 4.3 um CO, band, which probes lower pressures. Thus,
we extended the model TP profiles upward isothermally to
1 nbar from the temperature at 1 pbar when computing spectra.

We fit the model spectra to the observed JWST/NIRSpec/
G395H transmission spectrum of HIP 67522 b by varying the
reference pressure and minimizing the chi-square (x?) using the
Nelder-Mead method of scipy.optimize.minimize.
We do not consider the simultaneous SOAR point in the fit,
as the optical wavelengths could be affected by haze and/or
stellar contamination (see Section 9), which we do not consider
in this current set of models. We do, however, consider the
impact of clouds by including a simplified gray cloud with a
total optical depth of 100 and asymmetry parameter and single
scattering albedo values of 0. The base of the cloud is set to
100 bars, while the cloud-top pressure is a free parameter that is
allowed to vary from 10 bars to 1 nbar. We then refit the model
grid to the data by varying both the reference pressure and the
cloud-top pressure to minimize the y°.

In addition to CO, and H,O, the transmission spectrum of
HIP 67522 b also exhibits a subtle feature just longward of
4 pm that is likely due to SO,. In H,/He-dominated
atmospheres, SO, is derived from photochemical destruction of
H,S and subsequent oxidation of the freed atomic S (K. Zahnle
et al. 2009; S.-M. Tsai et al. 2021). Photochemical SO, has
been observed in the atmospheres of the hot Jupiter WASP-39b
(L. Alderson et al. 2023; Z. Rustamkulov et al. 2023;
S.-M. Tsai et al. 2023) and the warm inflated Neptune
WASP-107b (A. Dyrek et al. 2024). In particular, S.-M. Tsai
et al. (2023) found that SO, is a powerful diagnostic of
atmospheric metallicity, with higher metallicities leading to
larger SO, features. We thus run a grid of photochemical
models for HIP 67522 b using the 1D photochemical code
VULCAN>® (S.-M. Tsai et al. 2017, 2021), which was one of the
models used to simulate the photochemistry of WASP-39b in
S.-M. Tsai et al. (2023). We use the same SCHNO
photochemical reaction network as in that study, along with
the stellar SED from Section 4 and the TP profiles from the
corresponding PTCASO models as input. To fully capture the
region of the atmosphere where photochemistry is active, we
extend the PICASO TP profiles upward isothermally to 10 nbar
from the temperature at 1 pbar. We assume a constant-with-
pressure eddy diffusion coefficient (K.,) of 10'°cm®s™" to
parameterize the vertical mixing in the model, which is similar
to those predicted by general circulation models (e.g., V. Par-
mentier et al. 2013; M. Agindez et al. 2014), though we ignore
any pressure dependence for simplicity. Uncertainties in the
value of K, are unlikely to impact our results, since the SO,
abundance is mostly insensitive to it (S.-M. Tsai et al. 2023).

Since VULCAN takes much longer to run to convergence
than PICASO, we chose to only model a single mass (15 M)
and ignore the 2 x solar C/O cases due to their low O
abundance and bad fit to the data (see below), resulting in 20
total models. We used PICASO to compute the transmission
spectra of the atmospheric composition calculated by
VULCAN. To capture the full 4.3 ym CO, peak, we extend

8 https://github.com/exoclime/VULCAN
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Figure 9. Sigma (o) values for the clear atmosphere PICASO models’ fits to the JWST transmission spectrum, encompassing masses from 8-50 M, C/O ratios
spanning from 0.25 to 2 X solar, and [M/H] ranging from 0-2. Most of the parameter space is ruled out to a confidence level >5¢ (pink), while the most favorable fit

models (green) are 15-20 My, a high metallicity, and a C/O <1.5 X solar.

all of the abundance profiles upwards to 1 nbar, assuming
constant values above 10 nbar. Although these abundances
are not fully consistent with the TP profiles, which were
calculated assuming equilibrium chemistry, the impact of the
photochemically derived abundances on the actual temper-
ature is minimal, as demonstrated by S.-M. Tsai et al. (2023).

7.2. Model Results

For clear atmospheres in radiative-convective-thermochemi-
cal equilibrium, we find that the data prefer models with planet
masses ~15-20 M, supersolar metallicities, and C/O
<2 x solar, or equivalently C/O <1; all other models are
ruled out to >50, while supersolar C/O models in general are
ruled out to >30 (Figure 9 and Table 6). Many of these models
are able to reasonably reproduce the overall shape of the
spectrum, including the H,O and CO, features; though as
expected the SO, feature is not captured since photochemistry
1s not considered in these models. The best-fitting model, with
x?>/N=1.10, is the 15 M, model with [M/H]=1.5 (~30 x
solar) and C/O = 0.25 x solar ~0.1 (Figure 10), where N is the
number of data points. Both higher- and lower-mass models
result in worse fits due to mismatches in the atmospheric scale
height and thus the spectral feature amplitudes (Figure 11).
Solar metallicity models are not preferred due to a lack of the
observed prominent 4.3 um CO, feature, while C/O ~1 (e.g.,
2 x solar) models badly fit the data since they exhibit a large
CH, feature at 3.3 pm, which is not observed (Figure 12).

Including a simplified gray cloud in our model does not
change our constraints on the atmospheric metallicity and C/O,
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but does loosen the constraint on the mass (Figure 13 and
Table 6), as the larger spectral feature amplitudes of the lower-
mass (8 and 10Mg,) models can be reduced by the cloud deck
(Figure 11). As such, our mass constraint of ~15-20 M, from
this modeling can only be interpreted as an upper limit. The
best-fitting cloudy model, with XZ /N =1.02, is the same as the
clear case, but with a mass of 8 instead of 15 M, (Figure 10). In
general, the best-fit cloud-top pressures for the <15 M, models
are in the range of a few ubar to ~1 mbar, which are somewhat
lower than those predicted by cloud physics models for planets
with similar equilibrium temperatures as HIP 67522 b (e.g.,
P. Gao et al. 2020). Such low cloud-top pressures could be
achievable due to the low gravity of this planet and/or through
rates of vertical mixing higher than those assumed in the cloud
physics models. Alternatively, high-altitude photochemical
hazes could persist in HIP 67522 b’s atmosphere, though the
relatively small optical transit depth measured by SOAR may
be evidence against the existence of any optical scattering
slopes due to hazes.

The consideration of photochemistry tightens our constraints
on the atmospheric composition, ruling out to >3 models with
>10 x solar metallicity (Figure 14 and Table 6). The best-
fitting model, with x> /N=1.09, possesses an atmospheric
metallicity of 10 x solar and a C/O of 0.5 X solar (Figure 10).
Higher-/lower-metallicity models result in SO, features that
are larger/smaller than that observed, respectively (Figure 11),
matching the trends seen in the models of S.-M. Tsai et al.
(2023). A higher metallicity drives greater SO, production
from the increased H,S and H,O abundances, and vice versa
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Table 6
Summary of Best-fit Atmospheric Models <30
Model Mass Cc/O [M/H] o
M) (xSolar)

Clear 15 0.25 1.5 1.62
15 1.00 0.5 1.94
15 0.50 1.0 2.15
15 1.00 1.0 222
15 0.50 1.5 2.41
15 1.00 1.5 2.72
20 1.00 1.0 2.81
15 0.50 2.0 2.88
20 0.50 L5 2.99

Cloud 8 0.25 1.5 1.00
10 0.25 1.5 1.25
15 0.25 1.5 1.29
15 1.00 0.5 1.31
15 1.00 1.0 1.37
10 0.50 1.0 1.38
15 0.50 1.0 1.48
15 0.50 1.5 1.65
10 1.00 0.5 1.83
10 1.00 1.0 2.06
10 0.25 2.0 2.12
8 1.00 1.0 2.24
15 1.00 1.5 2.56
8 0.50 1.0 2.68
8 0.25 2.0 2.84
20 1.00 1.0 2.85
10 0.50 1.5 291
15 0.50 2.0 2.93

Photochemical 15 0.50 1.0 1.56
15 1.00 0.5 1.67
15 0.50 0.5 2.74
15 0.25 1.0 2.88

for a lower metallicity. Likewise, the lower O abundances in
high-C/O atmospheres lead to less SO, production, and
vice versa for lower C/O (Figure 15).
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8. Atmospheric Retrievals

We employ a Bayesian inference framework adapted from
CHIMERA (e.g., M. R. Line et al. 2013) to further quantify the
constraints on HIP 67522 b’s mass, thermal structure, and
atmospheric abundances offered by its transmission spectrum.
We assume a 1D atmosphere in hydrostatic equilibrium for a
plane-parallel transit geometry. The Bayesian inference is done
using the MultiNest nested sampling algorithm (F. Feroz et al.
2009) via PyMultiNest (J. Buchner et al. 2014).

We construct an atmospheric model with 99 pressure layers
uniformly spaced logarithmically from 10~*7-10"" bar. We
consider opacity contributions due to prominent chemical
absorbers in exoplanet atmospheres (e.g., N. Madhusudhan
2019) including H,O (O. L. Polyansky et al. 2018), CO (G. Li
et al. 2015), CO, (X. Huang et al. 2012), CH,4 (R. J. Hargreaves
et al. 2020), NH; (P. A. Coles et al. 2019), H,S
(A. A. A. Azzam et al. 2016), SO, (D. S. Underwood et al.
2016), as well as Na and K (N. F. Allard et al. 2016, 2023) and
H,-H, and H,-He collision induced absorption (T. Karman
et al. 2019). The abundances of these gases are assumed to be
constant with height and are free parameters in our model. The
vertical temperature structure of the atmosphere is parameter-
ized following N. Madhusudhan & S. Seager (2009). The
presence of clouds and hazes follows the two-sector prescrip-
tion of L. Welbanks & N. Madhusudhan (2021). In this
prescription, the spectroscopic effect of aerosols is parameter-
ized following a deviation from H,-Rayleigh scattering (e.g.,
A. Lecavelier des Etangs et al. 2008), and clouds are included
as an additional gray source of opacity (e.g., C. Mai &
M. R. Line 2019; L. Welbanks et al. 2024). This two-sector
prescription allows for the presence of inhomogeneities (e.g.,
“patchy clouds”) following the linear combination approach
suggested by M. R. Line & V. Parmentier (2016). We also fit
for the planetary mass and place constraints on this parameter
by exploiting the mass—scale height dependence, as in
Section 7. The atmospheric models are computed at a resolving
power of R=100,000 before being binned down to the
resolution of the observations.
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Figure 13. Same as Figure 9, but for the cloudy models.
Our atmospheric retrieval analysis finds sztrong detections log;, Xu,0 = 3,568, log,(Xco = —3.917194, log,o Xu,s =
of CO, (1l0) and H,O (70), with a x°/N=1.042 for —4.9170%3, and log Xso, = —7.267035. Assuming these

the best-fit model. The spectrum also suggests a preference
for CO at 3.50 with weak suggestions of H,S and SO, at
2.10 and 1.80, respectively. The retrieved median model
alongside its confidence intervals are shown in Figure 16.
Our retrieval finds moderate constraints at the ~1 dex level

for the gases in question, namely log,Xco, = —5.567081,
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species are representative of the overall oxygen and carbon
content in the atmosphere, we derive a constraint on
C/0=0.31%)1]. The inferred metallicity from the free
retrieval is largely unconstrained with a 99% upper limit of
[M/H] = 1.15. These results are consistent with the best-fit
PICASO models.
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Figure 14. Sigma for the VULCAN photochemical model grid, which
considered a subset of the parameter values from the clear and cloudy model
grids. The “X” in the lower-right corner, situated on the solar metallicity,
1.5 x solar C/O model grid, indicates that that particular VULCAN model did
not converge despite our best efforts, and thus its o value may not be correct.

1.5

Our analysis does not find a strong preference for an
instrumental offset between G395H detectors, retrieving values
consistent with an offset of O ppm. Similarly, our analysis does
not find a strong preference for the presence of clouds or hazes,
with the retrieved cloud and haze properties generally
unconstrained. The retrieved planetary mass of M, =

13.8ﬂj8 M, is consistent with the findings of the clear-
atmosphere PICASO models and within the mass upper limit
provided by the cloudy models.

9. Stellar Contamination Modeling

An ongoing challenge in studying transmission spectra is
contamination by inhomogeneities (spots and faculae) on the
stellar surface (e.g., B. V. Rackham et al. 2018). Such surface
brightness variations can change the observed signal, whether
or not the planet crosses them. In the case of unocculted spots,
the transit chord will be brighter than the rest of the star,
yielding a transit depth that is deeper than that for a pristine star
and is wavelength dependent. In particular, unocculted spots
can introduce features and blueward slopes in the transmission
spectrum that are not present on the planet (e.g., T. Barclay
et al. 2021; P. C. Thao et al. 2023).

Fortunately, nothing on the stellar surface can produce the
observed CO, feature in HIP 67522 b’s spectrum, as there is no
significant CO, present in a stellar spectrum for reasonable spot
temperatures. This can be seen in, e.g., Figure 11(d): adding
spots to the model changes the observed transit depth in the
optical and near the H,O band (2.8-3.5 ym) without any
impact on the 4-5pm region. Although it would take
unrealistically large spot covering fractions (>80%) to
reproduce the H,O band, smaller covering fractions can change
the overall strength of the features, which in turn may change
which atmospheric model best reproduces the data. We
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Figure 15. SO, mixing ratio profiles for selected cases in the VULCAN
photochemistry grid, showing the variation in the SO, abundance with
metallicity and C/O.

quantify this effect using a model that accounts for stellar
surface inhomogeneities.

Our method follows that of P. C. Thao et al. (2023), which
was modified from the method outlined in B. V. Rackham et al.
(2018), P. C. Thao et al. (2020), and J. E. Libby-Roberts et al.
(2022). We fit three free parameters: the transit depth scale
factor (Dpmoq), the spot temperature (Typo), and the spot
coverage fraction (fs). The scale factor is a modification to
the input model transmission spectrum, which only accounts
for atmospheric effects. We fix the stellar surface temperature
to the spectroscopic value (5650K), but the results are
unchanged when we adjust this by 50-100 K in any direction.

In general, the spot coverage assumes that the transit chord is
pristine. This is not true in our case, as we see two clear spot
crossings in the data (Section 5). However, these were fit out in
our transit model from Pipeline 1 and hence should not bias our
depths. A large number of small spots in the chord could have
gone unnoticed. However, adding in another variable for the
transit chord spot coverage fraction (fc) had no impact on our
results.

We set all parameters to evolve under uniform priors with
physical or practical limits. T, is allowed to go above T
(that is, we include hot faculae) and was only limited by the
model grid (3000-6500 K). f¢ was limited to between 0 and 1,
and D,,oq to between 0.85 and 1.15, beyond which the change
in inferred radius would invalidate the model. More extreme
values of Dy,.q also require large (>30% if the spot is
<5000 K) spot/faculae coverage fractions (which also shift the
overall depth), which can be ruled out by other means. For
example, f5> 0.5 and Tpe < 4000 would exhibit atomic and
molecular features seen in K/M dwarfs in out-of-transit
spectrum (P. C. Thao et al. 2023).

Rather than treating the model selection as its own free
parameter, which would require inaccurate interpolation
between models, we performed the fit on each of the 150 base
(clear-atmosphere) models. We did not repeat this with the full
set of models including clouds or photochemistry, as the results
are qualitatively similar to that of adding spots to the base
models.
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Figure 16. Atmospheric retrieval results. The retrieved median model is shown in red while the 1o and 20 envelopes are shown by pink shaded regions. The NIRSpec
G395H observations are shown using blue error bars. The retrieved posterior distributions for the chemical species of interest (e.g., H,O, CO, CO,, SO,, and H,S) are
shown alongside the retrieved posterior probability density for the planetary mass.

Table 7

Summary of Best-fit Spot Models <3o

Mass C/0 [M/H]  Spot Fraction  Tsp,,  Spot Norm o
Mg, (xSolar) (%) [K] Factor

15 0.25 1.5 0.94 5700 1.01 1.89
15 1.0 1.0 1.00 6202 1.11 1.93
15 1.0 2.0 0.23 3099 0.85 2.00
15 1.0 0.5 0.96 6001 1.07 2.04
15 1.0 1.5 0.85 6300 1.10 2.27
15 0.5 1.5 0.86 6201 1.10 2.34
15 0.5 1.0 0.98 5702 1.01 2.38
15 0.5 2.0 0.18 2700 0.87 2.38
15 1.5 1.0 0.99 6300 1.12 2.42
20 1.0 1.0 0.12 2701 0.91 2.76
20 0.5 1.5 0.25 3900 0.90 2.87

We find that the addition of spots had almost no impact on
our model fits (Table 7). The best-fit models were unchanged
from the clear fits, and adding spots usually provided an
improvement too small to be justified given the additional free
parameters (Figure 17). This is particularly true when we
consider only good fits (o < 5). The greatest gains in x> came
from the C/O =1.5 x solar and 30-100 x solar metallicity
fits. In these cases, cold (<3500 K) spots covering 10%—20%
of the star strengthened the H,O band, providing a better fit to
the data. This is consistent with the low spot coverage levels
from prior Doppler-tomography results (A. Heitzmann et al.
2021). We also find that no physically realistic spot can
reproduce the CO, and SO, features in the transmission
spectrum, as even the coldest spots do not contain a significant
population of either molecule (Figure 11).
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Figure 17. Same as Figure 9 but including the impact of inhomogeneities on the stellar surface for the clear-atmosphere models. The effect is largely negligible, with
improvements to the fits isolated to the high-metallicity and/or high-C/O cases due to better agreement around the H,O band.

10. Discussion
10.1. Transit-timing Variations

The transit of HIP 67522 b came later than the expected mid-
transit time, resulting in the omission of the egress in the JWST
observation. These TTVs will be explored in an upcoming
paper (A. 1. Lopez Murillo 2024, in preparation). A second
planet candidate was reported in A. C. Rizzuto et al. (2020) and
was initially believed to have gone undetected in subsequent
TESS data. This second planet was later recovered near a 2:1
resonance and will be further investigated in M. G. Barber et al.
(2024). Utilizing these TTVs will offer an independent method
to constrain the mass of this planet (P. C. Thao 2024, in
preparation). We note that because the TTV signal is small
within the TESS window, a formal accounting had no impact
on the TESS-derived properties in this paper.

10.2. No Significant Impact from Stellar Contamination

Prior studies of planets transiting low-mass stars have found
significant stellar contamination in their final transmission
spectrum (e.g., T. Barclay et al. 2021; O. Lim et al. 2023). One
might expect that the problem is even worse for young stars
due to their heightened activity. However, our best-fit models
that included the effects of surface inhomogeneities are nearly
identical to those that ignored them.

Our JWST transit observations show at least two starspot
crossing events, so clearly there are spots on the surface.
However, modest spot levels (<20%) are allowed by our fits,
which have no impact on the planet parameters. Ultimately, the
transmission spectrum features are so large that the required
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spots would be visible in other ways (e.g., in the stellar
spectrum) and in addition would still not be able to explain,
e.g., the large CO, feature.

The simultaneous SOAR g’ transit also rules out the most
extreme spot coverage fractions. For example, >50% <4000 K
spots would yield a much deeper transit depth at blue-optical
wavelengths. However, these extreme depths were disfavored
by the JWST data alone due to the need to reproduce the strong
CO, feature. Nonetheless, we still advise taking such optical
counterparts, as it could have proved critical had the planet
been higher mass and hence had weaker features in the
JWST wavelengths.

10.3. Uncertainty Estimation

The ? values from our model fits suggest that our final
uncertainties are overestimated. The best-fit equilibrium
chemistry models often possess Xz/N < 1.1, which is
unusually low considering that these models did not include
SO,. This is most likely due to our conservative approach to
fitting the stellar variability. We used a fourth-order poly-
nomial, which was allowed to float freely with wavelength.
Stellar variability should vary with wavelength, but in a smooth
manner, such that each spectral bin should depend on the points
around it. Similarly, the polynomial probably contains both
wavelength-independent terms (which can be fixed or evolve
under a tighter prior) and wavelength-dependent terms.
However, the magnitudes of the transmission spectral features
were so large that the more conservative approach was
sufficient for the results here.
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10.4. The Formation and Evolution of HIP 67522 b

The atmospheric composition of a planet is dependent on
where and how the planet formed, where it accreted its
atmosphere, its migration history within its natal disk, its
atmospheric loss history, and atmosphere-interior interactions.
In particular, the C/O value of an atmosphere can reflect the
gas composition at the location in the disk where it accreted.
For example, K. I. Oberg et al. (2011) showed that the C/O of
the gas component of the disk beyond the water snowline is
likely supersolar due to freeze out of water ice, and thus,
planetary gas envelopes accreted there should possess super-
solar C/O as well. However, solids should be accreted along
with the gas and enhance the envelope metallicity. As the solids
are typically oxygen-rich, this would result in a stellar-to-
subsolar C/O (C. Mordasini et al. 2016; N. Espinoza et al.
2017; A. J. Cridland et al. 2019). As such, the supersolar
metallicity and solar-to-subsolar C/O we have derived for HIP
67522 b are consistent with formation via simultaneous
accretion of gas and oxygen-rich solids, potentially beyond
the water snowline. However, significant complexity and
nuance exist in connecting disk and atmospheric chemistry
(e.g., N. Madhusudhan et al. 2017; C. Eistrup et al. 2018), and
thus, other formation scenarios for HIP 67522 b are possible.
This is one of the limitations of having access to only
NIRSpec/G395H data. Future observations of HIP 67522 b
with JWST using different instruments across a wider
wavelength range (e.g., NIRISS/SOSS and MIRI/LRS) are
required to more robustly constrain its formation mechanism.
In particular, additional constraints on the SO, abundance in
this planet’s atmosphere in the MIRI band (e.g., D. Powell et al.
2024) can be used to measure the C/S and O/S ratios, which
may help break degeneracies in formation and migration
pathways (D. Turrini et al. 2021; 1. J. M. Crossfield 2023).

While HIP 67522 b’s atmospheric metallicity is supersolar, it
is surprisingly low given its low inferred mass. Mature planets
with masses similar to HIP 67522 b tend to host higher
(~100 x solar) metallicity atmospheres, such as those of
Uranus and Neptune (E. Karkoschka & M. G. Toma-
sko 2011; L. A. Sromovsky et al. 2011). Such high metallicities
are ruled out by the transmission spectrum to >3o unless stellar
contamination is included (Figure 17). If HIP 67522 b is a
precursor of mature ~15 M, planets, then its atmosphere is
likely to become more enriched in metals as it evolves due to
some combination of atmosphere-interior mixing and atmo-
spheric loss.

We estimate the atmospheric loss rate of HIP 67522 b using
the simulations of A. Caldiroli et al. (2022), assuming
photoevaporation as the dominant mechanism. Integrating the
XUV spectrum (Section 4) yields log(Fy,y) of 6.68 at the stellar
surface, consistent with expectations for a star of this mass and
age (C. P. Johnstone et al. 2021). From these, we find mass-loss
rates of 0.03, 0.023, 0.015, and 0.011 M, Myrf1 for the 8, 10,
15, and 20 M, models, giving instantaneous planetary lifetimes
M/M of 0.27, 0.44, 1.0, and 1.8 Gyr, respectively. If only the
H/He component were considered, then these values would be
reduced by a factor of 3—-5 depending on the mass (Section 6).
Though the mass-loss rates should decrease with time due to
declining stellar XUV fluxes (C. P. Johnstone et al. 2021), it is
apparent that HIP 67522 b will undergo significant mass loss
that would reduce its gas content and radius, as well as possibly
increase its atmospheric metallicity, thereby potentially trans-
forming into a sub-Neptune on gigayear timescales.
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Future modeling efforts could expand on this to learn about
the atmospheric evolution of sub-Neptunes more generally.
One route would be to see if evolution/photoevaporation
models designed to fit the Kepler distribution (e.g.,
J. G. Rogers & J. E. Owen 2021) can reproduce HIP 67522 b
and the similar young planet V1298 Tau b (S. Barat et al. 2024;
also, see below). This, in turn, may provide some insight on the
wider range of planet-formation channels (e.g., E. J. Lee &
E. Chiang 2016; J. G. Rogers et al. 2024). Unfortunately, the
sample of systems is too small (2) and likely biased, as larger
radii objects are easier to identify and are treated as higher-
priority JWST targets (E. M. R. Kempton et al. 2018).
However, approved JWST programs targeting smaller young
planets (e.g., A. Feinstein et al. 2024) could provide the broader
sample required.

10.5. Comparison with V 1298 Tau b

V1298 Taub is the only planetary system similar to HIP
67522 b with a transmission spectrum. It orbits a cooler K-type
T-Tauri star in the older population around Taurus-Augira
(~23 +£4 Myr) and has a size comparable to HIP 67522 b
(R,=10.27703% R ; T. J. David et al. 2019). Recent HST
observations of V1298 Taub revealed a significant H,O
detection, indicative of a low mass (M,, <23 &5 M; S. Barat
et al. 2024), as in the case for HIP 67522 b. In addition,
V1298 Tau b was found to have a low atmospheric metallicity
that is consistent with solar/subsolar values. This is in contrast
with the high atmospheric metallicity observed in mature
planets (e.g., GJ 436 b, HD 97658 b; N. Madhusudhan &
S. Seager 2011; X. Guo et al. 2020a), but again similar to our
findings for HIP 67522 b.

10.6. HIP 67522 b in Context

Our mass constraint for HIP 67522 b makes it one of the
lowest-mass planets for its radius and temperature (Figure 18)
and debunks the planet’s prior classification as a hot Jupiter.
The great majority of mature planets (>1 Gyr) with radius
~10 R4 have masses >60M,, (Figure 18), and thus the mass—
radius relations drawn from mature systems is clearly not valid
at this age. While more population-level data are needed to see
if HIP 67522 b (and V1298 Tau b) is unique, its existence lends
significant credence to the expectation that large young planets
possess much lower density than their older counterparts.

The dearth of similarly low-density, large, mature planets
further suggests that HIP 67522 b will likely undergo
significant mass loss, and also that the hot Jupiter anomalous
heating may not be (as) active on highly irradiated but lower-
mass planets as on gas giants. In other words, HIP 67522 b will
likely thermally contract significantly with time (Figure 8). A
coupled atmospheric loss and thermal evolution model will be
needed to better assess HIP 67522 b’s future evolutionary path.

HIP 67522 b now joins a growing number of exoplanets that
have had their atmospheres characterized by JWST. An
emerging theme among the gas-rich planets is the presence of
SO, (Z. Rustamkulov et al. 2023; A. Dyrek et al. 2024),
signifying the universality of sulfur photochemistry and its
connection to atmospheric metallicity (S.-M. Tsai et al. 2023).
In addition, the solar-to-subsolar C/O of HIP 67522 b also
appears to be common (L. Alderson et al. 2023; P. C. August
etal. 2023; T. J. Bell et al. 2023; M. Radica et al. 2023; Q. Xue
et al. 2024; G. Fu 2024, in preparation), suggesting that close-
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Figure 18. Left: mass—radius plot of planets with reliable mass measurements and relative uncertainties <25% for mass, <8% for radius, and orbital periods P < 20
days. Data points are colored by their equilibrium temperature. Square and circular data points represent mass determination from TTVs and RVs, respectively.
Composition lines (dashed) indicate iron (red), rocky (orange), water (blue), and cold H2/He (turquoise; L. Zeng et al. 2019).The masses obtained from PICASO and
the retrievals are displayed here, with the former offset for clarity. Right: mass—density plot of these same planets, distinguishing between the rocky and volatile-rich
planets separated by the composition of water. The data points are colored by the insolation flux. Both of these plots highlight that HIP 67522 b occupies a distinctive
position within the M—R diagram, establishing itself as one of the planets with the lowest density ever discovered. Planet properties from NASA Exoplanet Science

Institute (2020).

in orbiting, gas-rich planets may share an origin. Upcoming
observations will shed light on whether these findings are a part
of a trend or if there is greater diversity in the exoplanet
population.

11. Summary and Conclusions

We observed one simultaneous optical and NIR transit of the
17 Myr old gas giant HIP 67522 b using JWST/NIRSpec and
SOAR. These observations enabled us to construct the planet’s
transmission spectrum across the wavelength range of
0.5-5.0 pm. Using three semi-independent reduction and fully
independent transit fitting pipelines, we obtained three JWST
transmission spectra that were consistent with each other. Our
resulting spectrum revealed absorption by H,O, CO,, and CO,
with tentative hints of SO, and H,S.

We compared our nominal spectrum to four different
atmospheric model grids: (1) equilibrium chemistry models
with clear atmospheres; (2) equilibrium chemistry models with
simple gray clouds; (3) photochemical models with clear
atmospheres; and (4) equilibrium chemistry models with clear
atmospheres that include the impact of starspots. For atmo-
spheric model grids (1), (2), and (4), we explored planet masses
between 8 and 50 M, metallicities between 1 and 100 X solar,
and C/O between 0.25 and 2 x solar; for grid (3), we fixed the
mass to 15Mg and ignored the C/O =2 xsolar case,
ultimately yielding a total of 470 models. The best-fit models
from each grid possessed chi-squared per data point XZ/N
values <1.1. We also ran free Bayesian atmospheric retrievals
to complement these forward models and further quantify the
constraints on the planet mass and atmospheric parameters. In
addition, we generated internal structure models to assess the
bulk metallicity and thermal structure of HIP 67522 b and
evaluate its future evolution. From these efforts, we can draw
the following conclusions:

1. Despite a radius of ~10 R, the mass of HIP 67522 b is
below 20 M, with a constraint of 14 £+ 1, from the
retrieval. This is significantly lower than the upper limit
placed by radial velocity measurements (<SMy;
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A. C. Rizzuto et al. 2020). As such, HIP 67522 b is a
very young (sub-)Neptune masquerading as a hot Jupiter.

2. The atmospheric metallicity of HIP 67522 b is likely in
the range of 3—10 X solar, as suggested by the strength of
the SO, feature. This is considerably lower than its
inferred bulk metallicity (Z, ~0.7, or ~200 X solar if the
metals were well-mixed within the planet) and the
atmospheric metallicities of Uranus and Neptune (C/H
~100 x solar; E. Karkoschka & M. G. Tomasko 2011;
L. A. Sromovsky et al. 2011), which likely have
comparable masses as HIP 67522 b. This suggests that
the atmosphere could be enriched in metals over time due
to atmosphere-interior mixing and/or atmospheric loss.
We find that the latter process is likely to significantly
impact the planet’s mass and radius over gigayear
timescales.

3. The atmospheric C/O of HIP 67522 b is solar-to-
subsolar, similar to several other gas-rich planets recently
observed by JWST. However, given the complexities in
connecting disk and atmospheric composition, more data
are needed to make clear statements about the planet’s
formation process and location within the disk.

4. Stellar surface inhomogeneities have a negligible impact
on our interpretation of the transmission spectrum. This is
due to both the strength and type of observed features,
which are hard or impossible to reproduce with spots
(e.g., CO, features cannot be explained with reasonable
spot temperatures). HIP 67522 also likely has a low spot
fraction compared to late-type dwarfs of almost any age.

5. The atmosphere is likely free of significant cloud cover.
While we can fit the spectrum with a cloud deck,
particularly for low-mass models, the required clouds are
located at unexpectedly low pressures. Photochemical
hazes are more probable in that sense, but are disfavored
due to the small transit depth seen in the Sloan Digital
Sky Survey (SDSS) g’ data ruling out a significant optical
scattering slope. The retrieval analysis similarly found no
evidence for clouds.

The large-amplitude spectral features in the JWST transmis-
sion spectrum of HIP 67522 b exemplify how young planets
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are excellent targets for transmission spectroscopy. This is
especially important for young planets in the mass range of
sub-Neptunes, whose mature (>1 Gyr) counterparts are the
most abundant type of planet in the Galaxy, but that often
possess featureless transmission spectra due to high mean
molecular weight atmospheres and/or absorption by high-
altitude clouds and hazes (H. A. Knutson et al. 2014; L. Krei-
dberg et al. 2014; X. Guo et al. 2020b; J. E. Libby-Roberts
et al. 2020; T. Mikal-Evans et al. 2021; J. Brande et al. 2022;
L. Kreidberg et al. 2022; T. Mikal-Evans et al. 2023; P.-A. Roy
et al. 2023; J. Brande et al. 2024).

Our results also provide strong evidence that masses of
young planets can be measured using transmission spectrosc-
opy. While N. E. Batalha et al. (2017) demonstrated the
degeneracies in transmission spectra analysis, highlighting the
challenges in accurately determining a planet’s mass and
consequently its composition, that study focused on the specific
case of planets near the rocky-gaseous boundary (~1.5Rg)
where features are weaker, and higher-precision masses are
required to distinguish between the two scenarios. The mass of
HIP 67522 b is robust to changes in the composition, and while
changes in cloud cover do reduce the mass, it still yields far
more precise constraints than were previously possible using
the radial velocity method. Furthermore, modest mass
constraints are still enormously useful for young systems like
HIP 67522 b. Given the challenges in measuring masses of
young planets in the presence of stellar noise (e.g., S. Blunt
et al. 2023), this may prove to be the most effective technique
for mass determinations of extremely young systems for the
foreseeable future.

Additional transmission spectroscopy of HIP 67522 b would
be invaluable for setting tighter limits on its atmospheric
composition and mass. Since the strength of the features are
large, HIP 67522 b is accessible to ground-based transmission
spectroscopy in the optical to look for signs of stellar activity
and aerosols, while high-precision data with JWST/NIRISS
and/or MIRI would provide access to a more diverse set of
molecular and atomic features. Such future observational
efforts would provide much-needed information about abun-
dance variations predicted by different theories of sub-Neptune
formation.
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