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Abstract

Isotope ratios have recently been measured in the atmospheres of directly imaged and transiting exoplanets from
ground-based observations. The arrival of JWST allows us to characterize exoplanetary atmospheres in further
detail and opens up wavelengths inaccessible from the ground. In this work we constrain the carbon and oxygen
isotopes *C, '®0, and 'O from CO in the atmosphere of the directly imaged companion VHS 1256 b through
retrievals of the ~4.1-5.3 yum NIRSpec G395H/F290LP observations from the early-release science program
(ERS 1386). We detect and constrain 13CIGO, 12Clgo, and '>C"0 at 320, 160, and 100 confidence respectively,
thanks to the very high signal-to-noise observations. We find the ratio of abundances are more precisely
constrained than their absolute values, with '2C/!3C = 6273, in between previous measurements for companions

(~30) and isolated brown dwarfs (~100). The oxygen isotope ratios are '°0/ ®o = 425133 and

16O/ 0 = 10107}30. All of the ratios are lower than the local interstellar medium and solar system, suggesting
that abundances of the more minor isotopes are enhanced compared to the primary. This could be driven by isotope
fractionation in protoplanetary disks, which can potentially alter the carbon and oxygen ratios through isotope
selective photodissociation, gas/ice partitioning, and isotopic exchange reactions. In addition to CO, we constrain
lH126O and '2C'°0, (the primary isotopologues of both species), but find only upper limits on '*C'H, and '*N'Hj.
This work highlights the power of JWST to constrain isotopes in exoplanet atmospheres, with great promise in
determining formation histories in the future.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheric composition (2021); Isotopic abundances (867);

, Benson Rugersl, Niels van Leurl, and

Direct imaging (387); Extrasolar gaseous giant planets (509)

1. Introduction

Isotope ratios in exoplanetary atmospheres are a new frontier
in high-resolution spectroscopy. First proposed by Molliere &
Snellen (2019) and Morley et al. (2019), atmospheric isotopes
have been measured for a range of directly imaged companions
and brown dwarf atmospheres from ground-based observations
(Zhang et al. 2021a, 2021b), as well as in one close-in
transiting exoplanet (Line et al. 2021). These isotopic
constraints have hinted that '*C/'*C ratios vary between
targets, and recent work has also tentatively constrained the
oxygen isotope ratio '°0/'®0 in a brown dwarf (Zhang et al.
2022), suggesting a supersolar value. This opens up a key
dimension toward tracing planet formation and migration
history through isotope fractionation processes.

The arrival of JWST represents a significant paradigm
change for exoplanet science, with a range of instruments
capable of characterizing atmospheres at high signal-to-noise
over a wide wavelength range across the infrared. The
NIRSpec spectrograph in particular is able to observe at
wavelengths difficult to observe from the ground due to heavy
telluric absorption and reaches spectral resolutions R ~ 2700.
Results from the Early Release Science programs for both
transiting and directly imaged planets has shown key species
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distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

such as H,O, CO,, CO, SO,, and CH, in exoplanet
atmospheres (e.g., Alderson et al. 2023; Constantinou et al.
2023; Grant et al. 2023; JWST Transiting Exoplanet Commu-
nity Early Release Science Team et al. 2023; Miles et al. 2023).
This is set to continue in the next decade and will allow us to
obtain some of the most precise constraints on trace species for
both close-in transiting and more widely separated directly
imaged exoplanets.

Atmospheric characterization of directly imaged exoplanets
has grown extensively in recent years thanks to high signal-to-
noise observations (e.g., Chilcote et al. 2017; Samland et al.
2017). Retrievals of such targets are often more complex than
more commonly studied transiting exoplanets, requiring
differing parameterizations of the temperature profile (e.g.,
Line et al. 2015; Piette & Madhusudhan 2020), and additional
free parameters for the radius and surface gravity given that the
masses and radii are often not well known. A number of targets
have been characterized with direct imaging (e.g., Janson et al.
2013; Todorov et al. 2016), most notably the HR 8799 system
(Lee et al. 2013; Lavie et al. 2017; Molliere et al. 2020). Direct
imaging is also of great importance for the future of
atmospheric characterization, as it is the most likely means
by which we will be able to characterize atmospheres of Earth-
like planets around Sun-like stars with future generation
facilities such as the Habitable Worlds Observatory (National
Academies of Sciences, Engineering, & Medicine 2021; The
LUVOIR Team 2019; Gaudi et al. 2020; National Academies
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of Sciences, Engineering, & Medicine 2021) and Large
Interferometer For Exoplanets (Quanz et al. 2022).

In this work we retrieve the spectrum of VHS
J125601.92125723.9b (hereafter VHS 1256b), a directly
imaged companion, also called a super-Jupiter, that straddles
the brown dwarf/planet boundary (Gauza et al. 2015; Dupuy
et al. 2023) at the edge of the L/T transition. We use data from
the JWST early-release science program (ERS 1386, PI
Hinkley; Miles et al. 2023), performing spectral retrievals of
the G395H/F290LP NRS 2 observations, which cover the
4.1-5.3 ym wavelength range. We explore the isotopic ratios of
CO by separately retrieving the chemical abundances of
2c’0, c'0, "*c'®0, and '>C'70, in addition to H,O,
CO,, CHy, and NHj;. In particular, 12C/ 13C is an important
quantity given that it has shown some variation between
exoplanets and brown dwarfs (Zhang et al. 2021a) and shows
differences between the solar system and the local interstellar
medium (ISM; Wilson 1999; Milam et al. 2005).

The next section discusses the retrieval setup, followed by
the results, and finally we present the discussion and
conclusions of our work.

2. Atmospheric Retrieval

We perform our atmospheric retrieval with HyDRA (Gandhi
& Madhusudhan 2018; Gandhi et al. 2023), modified to allow
for the characterization of nonirradiated exoplanets, as
discussed below. We use the JWST NIRSpec IFU G395H/
F290LP data set of VHS 1256 b (Miles et al. 2023), covering
the ~4.1-5.3 um wavelength range of NRS2. This is the
wavelength range where CO and all of its isotopologues have
prominent opacity. In addition, CO has well-separated spectral
lines that are resolvable at the R ~ 2700 spectral resolution of
the observations, and the 12¢l0 absorption lines are clearly
visible in the observed spectrum shown in Figure 1.
Henceforth, unless otherwise stated, we refer to 2C and '°0
as C and O respectively, as these are the primary isotopes of
each species.

2.1. Molecular Cross Sections

We retrieve the chemical abundances of CO (main
isotopologue), '*CO, C'®*0, €70, H,0, CO,, CH,, and NH;.
The CO isotopologues all have differing cross sections as their
line positions are shifted given the differing masses of the
carbon and oxygen atoms. Hence each isotopologue is
independently distinguishable in the spectrum given sufficient
spectral resolution and signal-to-noise. We use the main
isotopologue only for species other than CO, with the
exception of CH,, where we include the opacity for all
isotopologues weighted by their terrestrial abundances. We use
line lists from ExoMol (Tennyson et al. 2016) for H,O
(Polyansky et al. 2018) and NH; (Coles et al. 2019), HITEMP
for the CO isotopologues (Rothman et al. 2010; Li et al. 2015)
and CH, (Hargreaves et al. 2020), and Ames for CO, (Huang
et al. 2013, 2017). We calculate the molecular cross section of
each species on a grid of pressure and temperature (see
Table 1), with each line broadened by applying a Voigt profile
given the H,/He broadening coefficients. Further details of the
cross-section calculations can be found in Gandhi et al. (2020).
We set the vertically constant volume mixing ratios of each
species as a free parameter in the retrieval, resulting in eight
free parameters for the chemical composition of the
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atmosphere. Vertically constant abundances are justified given
that the abundances of H,O and CO are not expected to vary
significantly with pressure, and because observations from
other similar targets have shown that vertically varying
chemistry such as with chemical equilibrium models do not
necessarily provide as good a fit as those with free chemistry
(S. de Regt et al. 2023, in preparation). In addition to the
molecular opacity, we also include absorption from H,—H, and
H,-He collisionally induced absorption (Richard et al. 2012).

2.2. P-T Profile

We parameterize the P-T profile according to the method in
S. de Regt et al. (2023, in preparation), with nine P-T knots,
spaced such that grid points are more frequent in the
photosphere region between 10 and 0.1 bar (see Figure 2).
This ensures that there are a sufficient number of knots to cover
the full atmosphere but keeps their overall number to a
minimum in the regions where the spectrum is less sensitive.
To prevent oscillatory behavior, the general P-splines formal-
ism of Li & Cao (2022) is employed to compute a log-
likelihood penalty as

PEN®. |
gps

— —In(2n . 1

5 5 2my) (1)

In Epena]ty = -

Here, PEN gﬂs is the third-order general difference penalty
which increases for larger temperature variations at the P-T
knots. Additionally, temperature variations are penalized more
severely for smaller knot separations in log pressure. Similar to
Line et al. (2015), the factor  is a retrieved parameter that
scales the contribution of the penalty to the overall log-
likelihood, thereby allowing for more oscillations if the data
warrant it. In total, 10 free parameters are utilized for the P-T
profile. The temperature profile used to generate the planetary
spectrum incorporates 50 layers between 100 and 10 bar

evenly spaced in log pressure.

2.3. Retrieval Setup

In addition to the chemical abundances and temperature
profile parameters, we retrieve the planetary radius, log gravity,
the spectral resolution of the observations, planetary velocity
shift, an error scale factor, and a wavelength-dependent model
scale factor. The error scale factor, (.., allows for a scaling of
all of the error bars of the data points. The overall likelihood
per model is determined as

log(£) =

dl‘ — m; : 1 2
Z - Ezln(z’fr(ﬁeno—i) )

1
2 i ﬂerrUi
+ In [’penaltw 2

where d; and m; refer to the data and model for each point i, and
o; represents the uncertainty of each data point.

The wavelength-dependent model scale factor, f), scales the
model linearly with the wavelength relative to the blue end of
the spectrum. The scaled spectrum used in the retrieval is given
by

A — 4.1 pum
Feated(N) = Fansearea V| 1 + 20— H 0 g | 3)
53-4.1 pm
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Figure 1. Top panel: best-fitting model from the retrieval, along with the data points of the NIRSpec G395H/F290LP detector 2 (NRS2) observations of VHS 1256 b.
We also show the 1o range of the residuals of the data and model. Bottom panel: residuals of the best-fit model and the observations, with the 1o, 20, and 3¢ ranges

shown in gray.

1076
1074
S1024
o
100 L
102 T P IR L L
500 1000 1500 2000
T/K

Figure 2. Retrieved pressure—temperature profile form the retrieval of
VHS 1256 b. The solid line shows the median values and the dark and light
shaded regions indicate the 1o and 20 uncertainties respectively. The markers
indicate the P-T knots used in the retrieval (see Section 2.2).

This new approach was implemented given the high signal-to-
noise of the observations, and allows flexibility for any
gradients in the spectrum that cannot be well modeled and/or
any systematics in the spectrum. In addition, the spectral
resolution of the observations varies with wavelength, and such
a formulation allows some flexibility of the model to account
for this. For instance, an increasing spectral resolution with
wavelength would be compensated by a positive value for f,, as

Table 1
Temperature and Pressure Grid for the Cross Sections for Each Species
T(K) 300 400 500 600 700 800
900 1000 1200 1400 1600 1800
2000 2500 3000 3500 4000
P(bar) 107 10 10 1072 107! 1
10 100

the redder wavelengths are more highly weighted in the
convolution.

We also retrieve a non-gray cloud deck through four
additional parameters, with cloud opacities set at 4.1 and
5.3 um and interpolated at wavelengths in between, as well as a
cloud deck pressure, P., and pressure-dependent power law,
oy (see, e.g., Molliere et al. 2020; S. de Regt et al. 2023, in
preparation). Clouds have been shown to be significant in this
target (Miles et al. 2023), and our cloud model ensures the
cloud deck is sufficiently flexible to account a range of cloud
deck pressures as well as any wavelength-dependent variation
in its opacity across the ~1.2 um range of the observations.

Overall, the retrieval therefore includes 28 free parameters,
with eight for the volume mixing ratio of each chemical species
(including the CO isotopologues) and nine for the P-T profile,
with an additional penalty scale factor (see Table 2). Our prior
ranges were chosen to allow the retrieval to explore a wide
range of potential solutions for the atmosphere, and ensured
that none of the parameters converged to the edge of the prior
range. Note however that the choice of prior range does impact
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Table 2
Parameters and Uniform Prior Ranges for Our Retrieval of VHS 1256 b
Parameter Prior Range
Chemistry log(H,0) —12 — —1
log(*2CO) —12 — —1
log(**CO) —12 — —1
log(C'*0) —12 — —1
log(C'70) —12 — —1
log(CO,) —12 — —1
log(CHy) —12 — —1
log(NH3) —12 — —1
Temp. Profile T1o0bar (K) 300 — 4000
Tl()bar (K) 300 — 4000
Tpar (K) 300 — 4000
Tipar (K) 300 — 4000
To.3par (K) 300 — 4000
To.1par (K) 300 — 4000
To.o1var (K) 300 — 4000
T10-4par (K) 300 — 4000
T10-6par (K) 300 — 4000
P-T penalty log(7) -3—=2
Planet param. R,/R, 0.6 — 2.5
log(g/cms~?) 3555
Clouds/hazes log (k.1 ,m/cm’g ™) —10 — 2
1og (K5 3,m/cm’g ™) -10 -2
log(P,/bar) —4 -2
log(av) 0—20
log(Ber) -1 =2
AV, (kms™) —-30 — 30
resolution 1500 — 5000
1 0.7 — 1.3

the overall evidence. For the detection significances, we
removed the specific free parameter of the volume mixing
ratio of the given species, and ensured that the other parameters
in the retrieval were left with the same prior. Each model is
generated at a spectral resolution of R = 100,000, before being
convolved by a Gaussian profile to the spectral resolution of the
observations (a free parameter in our retrieval). We perform the
retrievals with MultiNest (Feroz & Hobson 2008; Feroz et al.
2009; Buchner et al. 2014). We also perform additional
retrievals by removing each species at a time for the leave-one-
out cross-validation tests (see Section 3.1.1) and in order to
determine the detection significances of each species.

3. Results

Figure 1 shows the best-fit retrieved spectrum to the
observations and its residuals. Overall, this shows a good fit
to the data, with the residuals only showing some low-order
deviations in the 4.8-5.1 um range. The residuals may arise
due to other species present in the atmosphere that are not
accounted for in our retrieval, potentially even other isotopo-
logues of molecules such as H,O and CO,. Generally however,
the model shows a good fit, in particular for the clearly visible
2CO lines, as well as the H,O and CO, features, which are
more prominent in the bluer regions of the spectrum,
confirming the detections from Miles et al. (2023).

Gandhi et al.
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Figure 3. Posterior distributions of the volume mixing ratios of the
isotopologues of CO in the retrieval of VHS 1256 b. These show the
dependence of one species on the other. Note that C and O refer to the main
isotopologues, '2C and '®0, respectively.

The retrieved P-T profile is shown in Figure 2, and indicates
a generally increasing temperature with pressure, as expected
for nonirradiated objects. However, we do see that the
temperature profile has a very slight inverted profile at
~10 bar, which is near the edge of the photosphere where the
continuum is set. This is likely because there may be additional
species that we have not accounted for which is degenerate
with the P-T profile of the atmosphere, for instance arising
from other trace species or isotopes of CO, and H,0. Overall
though the temperature profile is consistent with expectations
for such objects near the L/T transition and the photospheric
temperature of ~1100K agrees well with previous works
(Zhou et al. 2020; Hoch et al. 2022; Miles et al. 2023; Petrus
et al. 2023).

3.1. CO Isotopologues

We constrain the chemical abundances of '*CO, the primary
isotopologue of CO, as well as the minor isotopes Bco, ¢'®o,
and C'0, as shown in Figure 3. The isotopologues are
distinguishable given that their opacities differ at the R ~ 2700
resolution of the observations. There is a strong interdepen-
dence between species, common from previous observations of
such targets (e.g., Line et al. 2015; Burningham et al. 2017,
Piette & Madhusudhan 2020). This highlights that the absolute
abundances of each species may not be as well constrained, but
we find that their ratios are significantly more precise and
robust, as also seen with ground-based high-resolution
spectroscopy (Gibson et al. 2022; Gandhi et al. 2023; Pelletier
et al. 2023). The less prominent isotopologues, C'*0 and C'’0,
show the weakest correlation given their lower abundances.
This first detection of C'®0 and C'O in an exoplanet
atmosphere demonstrates how the high-quality JWST spectra
can constrain minor isotopes.
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Figure 4. Difference in the expected log posterior predictive density (ELPD) for each isotopologue against our fiducial model. A positive AELPD score indicates that
the model with the isotopologue is preferred by that data point. The color bar indicates the Pareto k values for each of the data points, with points <0.7 indicating a
good PSIS approximation (see Section 3.1.1). The vast majority of the data points fall into this category and hence our use of the leave-one-out cross-validation is
robust for all three isotopologues. In gray we also show the molecular cross section for each of the isotopologues at 1 bar pressure and 1200 K temperature at the

spectral resolution of the observations (R = 2700).

3.1.1. Robustness Tests

We ensured that our constraints were robust through
performing a Bayesian leave-one-out cross-validation
(Welbanks et al. 2023). This method fits a model to the full
data with each data point removed by determining the expected
log posterior predictive density (ELPD). Comparing with
ELPD scores of a model with and without a given isotopologue
therefore allows us to determine which data points most
strongly prefer the isotopologue. Note that in principle a
separate retrieval would need to be performed for every single
data point, but we use the Pareto Smoothed Importance
Sampling (PSIS; Vehtari et al. 2017). The Pareto & distribution
fitted to the distribution of importance weights is a measure of
how much the posterior changes with the removal of a single
data point. Typically, Pareto k values <0.7 are a good
approximation, but data points with values >0.7 will generally
require a full retrieval without that point to fully assess the
effect of removing it on the posterior.

Figure 4 shows the AELPD and Pareto & values for each data
point, with high AELPD values indicating that this data point
prefers a model with the isotopologue. For all three of the
isotopologues we find that the region of the spectrum where the
detections are most influenced are the regions where each
species has strong opacity. In addition, each isotopologue
detection is driven by numerous data points, and the vast
majority of the data points have Pareto k values <0.7,

indicating a good approximation with PSIS. Therefore, each
of our detections are robust. Note that not all of the
wavelengths where the isotopologues have features have hi 6gh
AELPD values as other species such as H,O, CO,, and 12¢150
have stronger features and therefore interfere with the
isotopologue signals at some wavelengths. We determine the
detection significances of each isotopologue through compar-
ison of the Bayesian evidence of retrievals performed without
each. We detect '*CO, C'®0, and C'O very strongly, at
significances of 320, 160, and 100 respectively. In addition,
the error scale factor was increased when the isotopologues
were not included in the retrieval, with the retrievals without
13C0, "0, and C'’0 showing increases of 37%, 6%, and 4%
respectively. Hence, not including these species is a worse fit to
the observations and thus requires a larger scaling of the error
bars in order to match the model to the data.

We performed retrievals with a high-pass filter applied to the
data, which removes low-order variability in the spectrum and
ensures that the fit is performed on the spectral lines and their
strengths only. This is particularly important to test as there is
some low-order deviations between the data and the best-fit
model in Figure 1. To achieve this, we used a running median
of 20 data points on the observations and for every model in the
retrieval. We found no significant change to any of the isotope
ratios, and the detection significances remained similar, at 310,
150, and 100 for °>CO, C'®0, and C'O respectively.
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Figure 5. Signal-to-noise ratio (S/N) derived from the cross-correlation
functions of the CO isotopologues.

In addition to these tests, we also detected each of the
isotopologues through cross-correlation, as shown in Figure 5.
Esparza-Borges et al. (2023) showed that this technique is
applicable to JWST observations by detecting CO in the
transiting exoplanet WASP-39b with NIRSpec observations.
We follow the procedure of Zhang et al. (2021a), using the data
residuals (data subtracted by the best-fit model without the
particular species) with a model spectral template, calculated by
subtraction of the best-fit model without the species from the
best-fit model with all species. Both the data residuals and the
model template are then high-pass filtered and cross-correlated.
We determine the signal-to-noise by dividing the cross-
correlation by its standard deviation and subtracting off the
mean. Our signal-to-noise ratios for all three isotopologues are
lower than their detection significances, most likely due to
aliasing with the periodic CO lines, but other factors such as the
undersampling of the peak signal due to the wavelength
spacing of the data points may also reduce the overall signal.
Nevertheless, the detections of '*CO and the oxygen
isotopologues, C'®0 and C'’0, remains clearly visible over
the noise.

3.2. Other Molecular Species

In addition to CO and its various isotopologues, we also
constrain H,O and CO, (primary isotopologues only) given
their strong opacity in this range, with their marginalized
volume mixing ratios shown in Figure 6. We detect H,O with a
lower abundance than the '>CO by ~0.34 dex, and hence the
atmospheric C/O ratio is 0.697001. This is consistent with
previous works (Hoch et al. 2022; Petrus et al. 2023). Note that,
as before, the ratio is better constrained than the absolute
abundances of H,O and CO. The C/O ratio is higher than the
solar value of 0.59 (Asplund et al. 2021), but some oxygen may
have condensed out in silicates (Burrows & Sharp 1999),
which will raise the measured atmospheric C/O value.

The CO, abundance is much lower at log(CO,) =
—6.887012, but its detection significance of 28¢ remains high
given its very strong opacity at ~4.2 yum. This confirms the
results by Miles et al. (2023), who showed that the addition of
CO, opacity improved the spectral fit to these JWST
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observations of VHS 1256 b. Carbon dioxide has been detected
in a range of late-L to T dwarfs (e.g., Sorahana &
Yamamura 2012) and is an excellent proxy for the metallicity,
as it increases nonlinearly with the overall metal content of the
atmosphere in chemical equilibrium (e.g., Madhusudhan 2012;
Moses et al. 2013). Our constrained abundance indicates an
atmosphere that is at or near solar metallicity. We note,
however, that the CO, abundance may be a strong function of
the atmospheric pressure for such objects (Lodders &
Fegley 2002), and our assumption of a vertically independent
volume mixing ratio may therefore break down if the vertical
mixing is weak.

We also retrieve the CH, and NH3 abundances, but find only
upper limits of log(CH4) < —6.2 and log(NH3) < —6.8 at 20
confidence as these species do not possess strong opacity a
these wavelengths. Other wavelengths such as the ~3—4 ym
range have shown that CH, is present in the atmosphere, which
has also indicated that the atmosphere is in chemical
disequilibrium (Miles et al. 2018, 2023). However, the CHy
is lower abundance than the CO and hence will not
significantly alter C/O estimates.

4. Discussion and Conclusions

We have constrained the '3 C, 18O, and 'O isotopes from the
CO abundances for the directly imaged companion
VHS 1256 b through retrievals of the JWST NIRSpec
G395H/F290LP observations in the 4.1-5.3 um range (Miles
et al. 2023). Fi_gure 7 shows the isotope ratios for 12C/ 3¢,
10/'80, '°0/'0, and '®0/'70. These ratios are more precise
and robust than the absolute abundances, as discussed in
Section 3.1. All of the ratios have median values which are
lower than for the ISM and solar system, but the 2c / 13C ratio
is still within the 1o uncertainty of the local ISM value (Milam
et al. 2005). The ratios are also lower than 'C/'°C and
1%0/'80 values measured for an M dwarf binary (Crossfield
et al. 2019). Our '*C/"*C value is in between the value of ~30
obtained for planetary companions YSES-1b and WASP-
77 Ab (Zhang et al. 2021b; Line et al. 2021) and the value of
2100 constrained for isolated brown dwarfs (Zhang et al.
2021a; S. de Regt et al. 2023, in preparation).

Constraining the carbon and oxygen isotopes in an exoplanet
atmosphere is key as isotope fractionation processes in
protoplanetary disks can drive differences in their abundances.
Several key processes can alter their ratios during planetary
formation. First, isotopologue selective photodissociation will
prevent the more abundant isotopologues from dissociating
because their higher column density will prevent stellar UV
photons penetrating deep into a protoplanetary disk (e.g.,
Visser et al. 2009). The less prominent isotopes will not be as
effectively shielded and will therefore be more dissociated,
resulting in the gas-phase ratios of more abundant isotopes to
less abundant isotopes increasing. Second, the gas- and ice-
phase interactions of CO can lead to isotopologue partitioning,
as has been shown for 12C/ 3C ratios (Smith et al. 2015).
Furthermore, isotope ion exchange reactions can increase the
gas-phase '*CO in protoplanetary disks, but generally does not
have a strong impact on the oxygen isotopes (Langer et al.
1984). A higher excitation temperature of '>CO than '*CO can
also provide differences in the isotopologue ratio of these two
species (Goto et al. 2003).

Through this work we have been able to constrain the minor
oxygen isotopes in a super-Jupiter for the first time. The '*O
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Figure 6. Marginalized posterior distributions for the volume mixing ratios of H,O, '*CO, CO,, and the overall atmospheric C/O ratio (right panel) from the retrieval
of the ~4.1-5.3 um JWST observations of VHS 1256 b. The red dashed line shows the solar C/O ratio (Asplund et al. 2021).
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system.

and 7O are lower abundance than 13C, but their ratios are still
well constrained given the high precision and signal-to-noise
observations. Both the 'O and '’O are more abundant than
expected, with the '°0/'®0 and '°0/'70O ratios lower than for
the local ISM and solar system values. This could be due to
ices richer in the weaker isotopes being accreted during
formation, potentially driven by isotope selective photodisso-
ciation. Any photodissociation of the gas phase would increase
the ratio, which goes against our low retrieved ratios. A
previous hint of C'®0 in a brown dwarf indicated a '°0/'*0
ratio nearer to ~1500 (Zhang et al. 2022), higher than our
constrained value. This could be a potential indication of
chemical inhomogeneity of molecular clouds between plane-
tary systems. If protoplanetary disks form from evolved
intermediate mass stars, the systems may be more enhanced
in minor isotopes.

The ratio of the minor oxygen isotopes, 18O/ 70, is also
lower, with our value more akin to that of the galactic center. In
addition to potential isotope fractionation processes, the
enhanced "0 in VHS 1256 b may be an indication of accretion
of material from lower-mass stars, which are expected to be
richer in this isotope (Wouterloot et al. 2008). Note however
that the '’O constraint from our work is the lowest abundance
and the weakest detection significance, and therefore may not
be as reliable as those for the other isotopes. In addition,
VHS 1256 b shows significant time variability (Zhou et al.
2022), which is most likely to affect our abundance constraints
for the weaker species.

Our findings highlight the power of JWST to determine
isotope ratios in exoplanetary atmospheres. The highly robust

detections of both carbon and oxygen isotopologues of CO at
very high significances demonstrate how we can expand
atmospheric science into new avenues in planetary formation
through isotopic chemistry. In the future, we may be able to
extend this to determine D/H ratios for exoplanet atmospheres,
which is an excellent tracer for planet formation (Morley et al.
2019) as well as the evolution of targets near the deuterium-
burning mass boundary (Dupuy et al. 2023). However, this is
challenging as deuterium is typically ~10* x less abundant
than 'H, and high-accuracy and high-temperature line lists for
deuterium-rich species are required (e.g., Voronin et al. 2010).
We may additionally be able to constrain isotopic ratios for
close-in transiting planets, thereby providing a contrast
between hot Jupiters and the more widely separated planet
populations. Another important insight will be comparison of
the isotope ratios in host stars to determine whether differences
in exoplanetary atmospheric ratios are caused by isotope
fractionation or intrinsic differences in initial formation
chemistry. This will also set the stage for the next generation
of facilities such as the Extremely Large Telescope (ELT), with
instruments such as METIS (Brandl et al. 2021) and ANDES
(Maiolino et al. 2013) capable of very high precision and
spectral resolution atmospheric observations in the coming
decade.
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