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Abstract

A handful of enigmatic Jupiter-mass objects have been discovered orbiting pulsars. One such object,

PSR J2322-2650b, uniquely resembles a hot-Jupiter exoplanet, due to its minimum density of 1.8 gcm™

3 and its

~1900 K equilibrium temperature. We use JWST to observe PSR J2322-2650b’s emission spectrum across an
entire orbit. In stark contrast to every known exoplanet orbiting a main-sequence star, we find an atmosphere rich
in molecular carbon (C3, C,) with strong westward winds. Our observations open up new exoplanetary chemical
(ultrahigh C/O and C/N ratios of >100 and >10,000, respectively) and dynamical regimes (ultrafast rotation
with external irradiation) to observational study. The extreme carbon enrichment poses a severe challenge to the
current understanding of “black-widow” companions, which were expected to consist of a wider range of

elements due to their origins as stripped stellar cores.

Unified Astronomy Thesaurus concepts: Pulsar planets (1304); Carbon planets (198); Hot Jupiters (753); High

energy astrophysics (739); Stellar atmospheres (1584)

1. Introduction

In “black-widow” systems, a millisecond pulsar is orbited
closely (Pop, < lday) by a low-mass (<0.1 M), often-
degenerate companion. They are so named because in a prior
low-mass X-ray binary phase, the pulsar was spun up by
accreting mass from the companion, while at present the
companions are being evaporated by the pulsar. There are
~50 known black-widow systems (K. I. I. Koljonen &
M. Linares 2025), several of which have estimated companion
masses below 10 Mj. Of the handful with short (< few days)
orbital periods, only one has a minimum density similar to that
of gas giants orbiting main-sequence stars: PSR J2322-2650b
(R. Spiewak et al. 2017; M. Shamohammadi et al. 2024), with
a minimum mass of 0.8 M; and a minimum density of
1.8 gecm ™. The pulsar’s unusually low spindown luminosity
of 2 x 102 ergs '—arising from its unusually low magnetic
field—would give the companion an equilibrium temperature
of 1300 K if isotropically radiated and fully converted to heat.
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However, the gamma rays that dominate a millisecond pulsar’s
energy output and are responsible for heating the companion
are typically beamed toward the equator (e.g., A. Philippov
et al. 2020), making an accurate prediction of the companion
temperature difficult.

The atmospheres of a few of PSR J2322-2650b’s denser and
more massive black-widow cousins have been studied from the
ground (e.g., P. Draghis et al. 2019; D. Kandel &
R. W. Romani 2020; V. S. Dhillon et al. 2022). D. Kandel &
R. W. Romani (2023) summarize 10 sets of previously published
photometric phase curves of black-widow companions, with
masses ranging from 12 to 67 My and densities ranging from 20
to 40gem °. All are extremely hot—nine have nightside
temperatures above 2200 K, while J1311-3430 has no detectable
nightside emission, but its dayside is >10,000 K. These studies
have measured the atmospheric circulation, Roche-lobe fill
factors, and inclinations of these extreme objects. They have
even provided tentative estimates of pulsar masses and put
constraints on the neutron star equation of state. Spectra have
been taken of several black-widow companions (e.g., M. H. van
Kerkwijk et al. 2011; R. W. Romani et al. 2015, 2016, 2022;
M. R. Kennedy et al. 2022; J. A. Simpson et al. 2025) and are
generally stellar, indicating roughly solar composition. However,
J1311-3430 and J1653-0158 both have 10-15M; companions
with H-free surface spectra; these represent a black-widow
subclass, the “Tidarrens,” which are likely descendants of
ultracompact low-mass X-ray binaries with evolved companions
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Figure 1. PSR J2322-2650 compared to the black widows from SpiderCat
(K. I. I. Koljonen & M. Linares 2025) and to PSR J1719-1438 (M. Bailes
et al. 2011), showing it is in a distinct area of parameter space. PSR
J1719-1438, though similar in mass, has a much higher mean density of
21 g cm™?; its bulk composition is likely very different. The temperatures of
all companions were very roughly estimated by assuming the spindown
luminosity is isotropically radiated and all of the energy hitting the companion
is converted to heat. The minimum density was derived from the orbital period
via p,;, = 37/(0.46°GP?), combining Paczyfiski’s approximation for the
Roche lobe (R, = 0.463q1/3a; B. Paczynski 1971) with Kepler’s third law.

(R. W. Romani et al. 2015). Y. Guo et al. (2022) showed with
MESA simulations that these ultralight companions—including
PSR J1719-1438, J2322-2650, and J1311-3430—could have
formed by the Roche-lobe overflow and photoevaporation of
helium stars.

PSR J2322-2650b is different from other ultralight pulsar
companions, being the only pulsar companion with a mass, a
density, and a temperature similar to those of hot Jupiters
(Figure 1). The atmosphere of such an object has never been
observed. It is, however, very easily observable with JWST: at
infrared wavelengths, the pulsar is undetectable, giving us the
unprecedented opportunity to obtain exquisite spectra of an
externally irradiated planetary mass object. In this Letter, we
present JWST spectra of this exotic gamma-ray-heated “exopla-
net,” unveiling a bizarre atmosphere that raises more questions
than it answers.

2. Observations

On 2024 November 8, we used NIRSpec/PRISM on JWST
to observe PSR J2322-2650b’s 0.6-5.3 um spectroscopic
phase curve. These observations started shortly before inferior
conjunction (the “nightside”) and continued until shortly after
the following inferior conjunction, covering the whole 7.8 hr
orbit. Two days later, we used NIRSpec/G235H (1.7-3.1 pm)
to take a 2hr long higher-resolution spectral sequence
bracketing superior conjunction (the “dayside”). This data set
spans an orbital phase range of 0.25, allowing us to measure
the radial velocity of the planet as a function of time. Both the
PRISM and G235H observations are taken with the 0.2 fixed
slit. All the JWST data used in this Letter can be found at
MAST: doi:10.17909/shv0-yq03. We develop a custom
pipeline to reduce the data, significantly reducing the scatter
compared to JWST standard pipeline processing (see
Appendix B).

We show in Figure 2 the average PRISM spectrum on the
dayside, quadrature, and nightside (defined as phases
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0.5+£0.085, 0.25+0.05 or 0.75 £0.05, and 0.00 £0.05 or
1.00 £+ 0.05, respectively). The spectra are shown both in pJy
and in brightness temperature, calculated with a fiducial radius
of 1.1Ry and an updated radio pulsar timing parallax distance
of 630 pc (see Appendix A). While the nightside spectrum is
featureless and consistent with a near-isothermal temperature
profile or a thick gray dust/cloud deck, the dayside spectrum
has clear absorption features. We can identify the molecules
giving rise to these features by comparing the brightness
temperature spectrum against —In(o ()\)), where o()) is the
absorption cross section of a candidate molecule. After a
complete search of the DACE'’ molecular database and
an extensive search of the ExoMol (J. Tennyson &
S. N. Yurchenko 2018) molecular database, we conclude that
C; and C, are firmly detected. As shown in Figure 2, the
cross section of '2C; (A. E. Lynas-Gray et al. 2024) rises
suddenly redward of 3.014 um, matching the sudden flux
drop seen in the data. (The isotopologues 2¢c3¢*C and
12C"2C'3C have opacity cliffs at slightly different wavelengths
and are inconsistent with the data, but their line lists are less
reliable because they are not matched to experiments.) C; also
has an opacity minimum at 3.9 gm, matching the maximum in
the emission spectrum, and an opacity maximum at 5.1 um,
matching the emission plateau. The sawtooth pattern at
2.45-2.85 pm matches the series of band heads in the opacity
of C, (S. N. Yurchenko et al. 2018).

C; and C, are necessary but not sufficient to explain the
PRISM spectrum. First, the absorption feature at 3.0-3.6 ym is
wider than the C; opacity peak, requiring another source of
opacity around 3.4 um. Similarly, while a C, opacity peak
around 1.4 um could explain the sudden drop in flux at that
wavelength, the absorption feature extends much redder than
the opacity peak, suggesting that there is missing opacity
around 1.6 pm. We confirm that isotopologues of C; and C,
cannot explain the missing opacity at either wavelength and
tentatively identify both absorption features as arising from the
C-H bond. The fundamental stretching mode of this bond is at
3.4 pm, resulting in the ubiquitous presence of absorption at
this wavelength among organic molecules (see Table 1.2 of
M. Tammer 2004). The first overtone of the 3.4 um stretch
mode is at half the wavelength, or 1.7 um. Due to the
similarity of absorption features across large classes of organic
molecules, the exact molecule(s) giving rise to the C-H
absorption is difficult to determine. We consider the
identification of the features as C—H absorption to be tentative,
because we detect no absorption feature around 2.3 um,
whereas such a feature is common in hydrocarbons.

While the sawtooth feature in the PRISM spectrum strongly
hints at the existence of C,, the higher-resolution G235H
spectra conclusively demonstrate its existence. Using techni-
ques from high-resolution cross-correlation spectroscopy
(I. Snellen 2025), we cross-correlate the smoothed logarithm
of C, opacities with each of the 151 integrations in the grating
observation (see Appendix F). Plotting the cross-correlation
function (CCF) with respect to time and blueshift reveals the
radial velocity track of the planet. Given an assumed projected
orbital velocity K, and barycenter velocity vy, we can shift
the CCFs into the planetary frame and sum them along the
time axis to obtain a C, detection significance. Maximizing
this significance over the K,—vg plane, as shown in the left
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Figure 2. The observed emission flux and brightness temperature of PSR J2322-2650b. (a) Observed PRISM spectrum of the dayside, the average of the two
quadratures, and the nightside at native resolution. The time-averaged G235H spectrum is also plotted, binned in wavelength by a factor of 16. The two shaded
wavelength regions are those of the light curves in Figure 5. (b) PRISM spectra expressed in brightness temperatures by assuming R/D = (1.1 R;) / (630 pc). We
plot HELIOS radiative-convective equilibrium forward models in gray. A linear function of the log of C5’s absorption cross sections is plotted in green, showing that
C; absorption explains the sudden dip at 3.014 um, the recovery at 4 um, and the slow decline toward the red edge.
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Figure 3. C, detection significance and radial velocities obtained from the JWST NIRSpec/G235H data. (a) The detection significance from the cross-correlation of
C, in the G235H data, as a function of projected orbital velocity and barycentric radial velocity. C, is detected at 210 at Vi = 0 and Keomp = 190 km s (b)In
black, the companion radial velocity measured from each integration of the G235H observations using a data-derived template; in yellow, a sinusoidal fit to the data.
The vertical offset is arbitrary. In the colored bars, we show the phases we define to be the nightside, quadrature, and dayside, for the purposes of calculating the

average spectra in Figure 2.

panel of Figure 3, yields a 210 detection of C, at a barycentric
velocity close to 0 and a projected orbital velocity
K, ~200kms".

3. Composition Constraints

In exoplanetary atmospheres, carbon-bearing molecules
such as CO, CHy, and CO, are commonly detected, but

molecular carbon has never been seen. To quantify how
depleted the atmosphere is in noncarbon elements, we obtain
robust model-independent constraints on molecular abundance
ratios by constructing a simulated G235H spectrum from only
the cross sections of C, and a non-C, molecule, adjusting the
line contrast until C, is detected at the same significance as in
the real data, and computing the detection significance of the
other molecule. As detailed in Appendix F, we perform this
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Figure 4. The relative abundance of C; to CO in chemical equilibrium. (a) Abundance ratios for C/He = 1072 and P = 10 mbar, for an atmosphere with no other
elements. (b) Ratios in an atmosphere with H/He = 0.01 as well as solar values of N/He, P/He, and S/He. The solid white curves represent the 3o constraint from

our cross-correlation test (C,/CO > 0.17).

procedure with C,/CO using the 2.30-2.47 um range, where
both molecules have substantial opacity, and we find a 30
lower limit on C,/CO of 0.17. We repeat the procedure with
CN, which has higher opacity than CO over a larger
wavelength range, finding C,/CN > 32 at 3.20. We addition-
ally search for a wide variety of other molecules in the grating
data via cross-correlation—including CS, CH, NS, OCS, H,0,
and CH,—but find no >30 detections.

Our inferred abundances suggest an atmosphere rich in
carbon and relatively depleted in oxygen and nitrogen.
Hydrogen is also heavily depleted, as otherwise the ample
carbon atoms would bond with H to form hydrocarbons,
resulting in minuscule abundances of molecular carbon, as has
been predicted for hot-Jupiter exoplanets with high C/O ratios
(N. Madhusudhan 2012). Some C-H features are still possible,
however, as trace amounts of hydrogen can be produced via
spallation by the pulsar wind (B. M. S. Hansen 1996). On the
other hand, this object is unlikely to be dominated by carbon in
bulk, due to its equation of state. To test this, we calculate the
mass—radius relationship of a pure carbon object using an
interior structure model (M. C. Nixon & N. Madhusud-
han 2021; M. C. Nixon et al. 2024) with the equation of state
of G. I. Kerley & L. Chhabildas (2001) (see Appendix C) and
find that, at zero temperature, the radius of a 1.5-2.5 M; object
(0.39 Rj) is much smaller than the near-Roche-lobe-filling
radius our PRISM phase curve requires (see Section 5). A
central temperature of 500,000 K would be needed to inflate a
carbon object to a Jupiter radius, but this is unrealistically hot,
given (as we will later argue) its likely past as a white dwarf
with efficient conductive heat transport. If, however, we
assume an object that is mostly helium, with 1% C, then the
radius increases to 0.92 R; for a 1.5 M; object with a
photosphere temperature of 1500 K, using the helium equation
of state from G. Chabrier & F. Debras (2021) and an additive
volume law. We thus conclude that the planet’s bulk
composition is likely helium-dominated.

3.1. Equilibrium Chemistry

We can test whether a helium-dominated atmosphere
enriched in carbon can reproduce our observations by

performing equilibrium chemistry calculations with FastChem
(J. W. Stock et al. 2018, 2022). Figure 4 plots the ratio of
C,/CO as a function of temperature and atomic C/O, either
assuming C/He =0.01 and no other elements or assuming
H/He = 0.01 as well as solar N/He, P/He, and S/He. In either
case, CO is highly favored over C, until C/O > 1 and far
more favored at low temperatures. Even at 2300 K, the hottest
point in our ICARUS model (see below), our constraint of
C,/CO > 0.17 requires C/O > 100. At the average dayside
brightness temperature of 2000K, C,/CO >0.17 would
require  C/O >2000 (the pure-He-and-C scenario) or
C/0 > 20,000 (the many-elements scenario). We generate
multidimensional abundance grids to explore a wide range of
metallicities, C/O and C/N ratios, temperatures, and pres-
sures, finding that our observational constraints on C,/CO and
C,/CN imply C/O>100 and C/N > 10,000 over a wide
range of conditions (see Appendix H).

In our high-C/O calculations with only C, O, and He, C; is
the most abundant molecule, consistent with our observations;
at C/O~ 1, CO is the most abundant molecule and C; has
negligible (parts per billion or less) abundances. In our
calculations including hydrogen and other elements, CsH and
C,H are comparably abundant to C; and C, over a wide range
of temperatures and C/O ratios. The C-H bonds on these
molecules may explain the opacity we see at 3.4 and 1.6 um,
but since there are no published line lists for these molecules,
we are unable to include them in our modeling. Colder carbon-
rich compositions (7'< 1000K, C/O>> 1) are predicted to
have abundant quantities of larger carbon molecules, such as
C, and Cs, which also have no published line lists. To compare
these results to data, we generate forward models using
HELIOS (M. Malik et al. 2017, 2019; see Appendix D),
assuming 1D radiative-convective equilibrium in a bottom-
heated helium-dominated atmosphere with an extended
graphite dust/cloud layer and ~part per thousand abundances
of C;3, C,, and C,H, (a stand-in for a generic molecule with C—
H bonds). These are shown in Figure 2, which demonstrates
that this simple prescription reproduces the main spectral
features at all phases, with the featureless nightside explained
by invoking more dust absorption.
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Figure 5. The companion light curve in two continuum bands interpreted with a pulsar direct heating model. (a) The models are shown by the curves and the data are
shown by the points. The model does not capture the strong orbit-to-orbit variations at minimum (¢ ~ 0 and ¢ ~ 1) but provides a good description of the flux from
the heated face and constrains the binary parameters (see Section 5). Schematics of the Earth view of the heated companion’s surface temperature are shown below
the light curve. (b) and (c) The residuals of the models compared to their corresponding light curves.

4. Radial Velocities

Refining the value of the projected orbital velocity K, allows
us to pin down the inclination of the companion orbit and the
masses of the companion and pulsar, as well as assess the
validity of our fiducial companion radius. We use the G235H
spectra to monitor the radial velocity variations (D. K. Sing
et al. 2024). We generate a template spectrum by shifting
every spectrum into the planetary frame using our preliminary
K, value (~200 km s~ ") and taking the timewise average. We
then fit this template to each individual spectrum to find the
radial velocity shift as a function of time, as shown in Figure 3
(right). Finally, we fit the sinusoid v(¢) = vy + K, sin(2w¢) to
the velocities. We obtain K, = 190 & 2kms™ . This value
represents the center-of-light orbital velocity Kcop, which is
lower than the planet’s center-of-mass orbital velocity Kcoms,
because the bright, irradiated side of the planet is closer to the
pulsar. The ratio K.or = Kcom/Kcor depends on the heating
pattern, temperature dependence of the lines dominating the
radial velocity, Roche-lobe fill factor, and inclination. For our
system with its mass ratio ¢ ~ 1000, the maximum possible
value of Ko is 1/(1 — (3q)7]/3) = 1.07, which reduces to
1.04 for a more realistic Ty cos!/*(@) temperature distribution
(M. H. van Kerkwijk et al. 2011).

For a binary system in a circular orbit where the primary is
much more massive than the secondary, Kcom = Kcor Kcor =

2wmGM /3 . .
—5 ) sini. Assuming the pulsar mass M,, can range from

the canonical 1.4M, to an unusually massive 2.4M, (see Figure 7
of J. M. Lattimer 2012), we infer an inclination range of 34.7-28'4
(for K.o; = 1.04). This low i, combined with the fact that pulsar
gamma rays are beamed toward the spin equator, explains a
number of system features: the lack of a Fermi gamma-ray
detection (S. Abdollahi et al. 2022), the high companion
temperature compared to the pulsar spindown power, and the
lack of radio eclipses from a companion outflow. This range of
inclinations implies a planet mass of 1.4-2.4Mj, a Roche-lobe

1/3
radius R, = 0.462a(m,/my)!/> = 0.462(GM”P2 of 0.99-1.18R;,

472
and density of 1.8 gcm . All plausible pulsar masses therefore
imply a roughly Jupiter-sized and Jupiter-mass companion on a
~30° inclination orbit.

5. PRISM Phase Curve

Next, we model the PRISM phase curve. The C; absorption
depth varies dramatically with orbital phase, complicating
modeling of the heated companion surface. However, at
wavelengths of relatively low opacity, a basic thermal model
can be used to constrain the binary properties. Figure 5 shows
the light curves in two wavelength ranges between the strongest
absorption bands. The flux varies by ~three times from day to
night, a modest amplitude compared to other black-widow
companions, which can show modulations of 30-100 times
(P. Draghis et al. 2019). The light curves exhibit nightside
variability—the second minimum is 10% lower than the first,
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possibly due to flares (D. Kandel & R. W. Romani 2020). We
model the light curves in the two opacity windows by assuming
Planckian emergent spectra and direct pulsar heating, using a
version of the ICARUS heated binary light-curve code
(R. P. Breton et al. 2012; see Section 5). All fits require a
near-filled Roche lobe. Fitting the full light curves, we find
i ~ 31°, with photosphere temperatures ranging from 900 K at
the coldest points on the nightside to 2300 K at the hottest points
on the dayside. We infer a distance consistent with the radio
parallax measurement and a westward wind. Given the
closeness of the inferred inclination to the values we obtained
previously by assuming reasonable pulsar masses, it is
not surprising that we now infer a pulsar mass (~2.0M, with
0.1 M, statistical error and 0.5M, systematic error) consistent
with astrophysical expectations (see ApPendix 5). The inferred
isotropic heating luminosity of 9 x 10°*ergs ' is 5/I,5 times
the pulsar’s spindown luminosity, where 10%°I,5gcm? is the
pulsar’s moment of inertia. The apparent over-unity heating
efficiency is an artifact of the pulsar’s gamma-ray emission
being beamed along the spin equator (and, hence, toward the
companion), possibly in combination with a large moment of
inertia arising from a high pulsar mass.

The flux maximum in the phase curve occurs 12° after phase
0.5, indicating a westward offset that is suggestive of strong
winds blowing opposite to the planet’s rotation direction. A
westward thermal phase offset is seen in some black-widow
companions (D. Kandel & R. W. Romani 2020) and is rare
among hot Jupiters orbiting main-sequence stars (T. J. Bell
et al. 2021), having only been robustly observed for CoRoT-2b
(L. Dang et al. 2018). All of these objects have rotation periods
equal to their orbital periods, due to tidal locking, but
PSR J2322-2650b’s exceptionally short rotation period of
0.32 days places it in a different dynamical regime from almost
all hot Jupiters. E. K. H. Lee et al. (2020) and X. Tan &
A. P. Showman (2020) demonstrated with 3D general
circulation models (GCMs) that, at very short rotation periods
of <10hr, the equatorial eastward jet ubiquitous on slower-
rotating hot Jupiters narrows, while off-equatorial westward
zonal winds become increasingly distinctive, leading to a
westward phase offset. Because we do not expect the
dynamics on PSR J2322-2650b to be identical to X. Tan &
A. P. Showman (2020), due to the very different form of
irradiation, we run a planet-specific atmospheric dynamics
model with MITgem (see Appendix E). Our temperature maps
are qualitatively similar to theirs; in particular, we also obtain
a westward phase offset. Our data are therefore observ-
ational evidence of the dynamical regime that X. Tan &
A. P. Showman (2020) predicted—a regime rarely probed by
hot Jupiters orbiting main-sequence stars.

Better line lists and improvements in the modeling of
planetary atmospheres will allow more accurate computation
of inclination and pulsar mass through modeling of the
spectroscopic phase curve. This could be particularly interest-
ing for PSR J2322-2650, because the pulsar’s low intrinsic
spindown P implies an exceptionally low neutron star dipole
field 2.5 x 10'I,5sG. This is relevant, since the reduced
magnetic field of millisecond pulsars is often attributed to
accretion during the spinup process (G. S. Bisnovatyi-Kogan
& B. V. Komberg 1974; R. E. Taam & E. P. J. van den
Heuvel 1986; R. W. Romani 1990; D. Mukherjee 2017); with
such a low field, the pulsar may have accreted a large amount
of matter, achieving a larger moment of inertia and a high
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mass. Thus, precise measurement of the masses in this system
could help constrain Moy, the Tolman—Oppenheimer—Volk-
off mass, which sets the maximum mass for a slowly rotating
neutron star and constrains the dense matter equation of state.

6. Conclusion

Our findings pose a challenge to the current understanding
of black-widow formation, in which a pulsar strips the outer
layers of its stellar companion by a combination of Roche-lobe
overflow and photoevaporation (O. G. Benvenuto et al. 2012;
Y. Guo et al. 2022). This mechanism can produce a helium-
dominated Jupiter-mass object if stripping occurs before core
helium burning, during the main sequence or red giant branch.
In this picture, these black widows are the descendants of
ultracompact X-ray binaries with He-star donors, and the core
C/N/O ratios can be sensitive to the evolutionary state of the
donor at the start of Roche-lobe overflow (see Figure 4 of
G. Nelemans et al. 2010). How this process produces a C/O
ratio greater than 100 or a C/N ratio greater than 10,000 is
difficult to explain. Although G. Nelemans et al. (2010) predict
extreme N depletion in one scenario (see their Figure 4, bottom
middle), O becomes significantly enhanced relative to C in this
scenario. In the other two scenarios (corresponding to different
initial helium-star masses), C is enhanced relative to O by a
factor of ~15, but it is only enhanced relative to N by a factor
of ~several. Although extreme photospheric ratios are
possible via gravitational settling for the much-higher-gravity
white dwarfs (the immediate progenitors of black-widow
companions in the standard formation scenario), gravitational
settling is not expected to differentiate elements once the
companion becomes a planetary mass object with a molecular
atmosphere.

Other mechanisms of carbon enrichment pose their own
challenges. For example, the helium-dominated, hydrogen-
poor, and carbon-enriched composition of PSR J2322-2650b
is reminiscent of R Coronae Borealis (RCB) stars and dustless
hydrogen-deficient carbon (dLHdC) stars, which are believed
to result from mergers of He and CO white dwarfs
(R. F. Webbink 1984; H. Saio & C. S. Jeffery 2002). However,
the rarity of RCB/dLHAC stars and the necessity of invoking
three stars makes them unlikely progenitors, and the measured
C/O and C/N ratios of these stars (12-81 and 4-130,
respectively; A. Mehla et al. 2025) are still lower than the
very high minimum values we obtain. The triple-alpha process,
which fuses helium into carbon, creates asymptotic giant
branch “carbon stars” with C/O ratios of up to ~several
(C. Abia et al. 2008) but not the C/O > 100 inferred from our
data. Carbon stars have a dusty outflow rich in carbon grains
(M. Di Criscienzo et al. 2013), providing a further source of
carbon enrichment, but further modeling is required to explain
how this carbon ultimately ends up in a Jupiter-mass object.
More spectroscopic observations of ultralow-mass black-
widow companions (“Tidarrens”) are needed to determine
whether PSR J2322-2650b’s composition is unusual or
representative of the class. We particularly encourage
observations of PSR J1719-1438, which has a similar mass
but a far higher minimum density of 21 gem °, leading
M. Bailes et al. (2011) to suggest it is an ultralow-mass carbon
white dwarf.
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Data Access

A Jupyter notebook is available to reproduce the figures in
this work in Zenodo (M. Zhang 2025) at doi:10.5281/
zenodo. 1740058 1. The repository also includes the spectra plotted
in Figure 2(a) in ASCII format.
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Appendix A
Analysis of MeerKAT Radio Data

The distance to the pulsar is important for the interpretation
of this system in at least two ways: it determines the
luminosity of the companion, and it allows us to derive the
intrinsic spindown rate P, due to the Shklovskii correction for
pseudo-acceleration (I. S. Shklovskii 1970). The pulsar’s
spindown luminosity and inferred magnetic field strength are
both related to B. The PSR J2322-2650 discovery paper
(R. Spiewak et al. 2017) reported a low timing parallax
distance of 230729 pc, much smaller than their dispersion
measure (DM) model distance of 760 pc. M. Shamohammadi
et al. (2024), using the more accurate MeerKAT radio
telescope data set, obtained a timing parallax of 1 3 £ 02
mas, from which was derived a distance of 7707133 pc. Here,
we improve the distance estimate by extending the MeerKAT
data set.

The 3.46 ms pulsar J2322-2650 is observed regularly as part
of the MeerKAT Pulsar Timing Array (MPTA; M. T. Miles
et al. 2023), using the PTUSE pulsar instrument (M. Bailes
et al. 2020). Observations span from 2019 July to 2025 April,
and we obtain arrival times at 136 different epochs in 16
coherently dispersed frequency subbands, spanning 775.0 MHz
centered at 1283.582 MHz. A standard pulse profile is created
by aligning all data with the optimal DM and with the phase-
connected timing solution, removing the dispersion and
averaging into 16 subbands, before wavelet smoothing with
the PSRCHIVE (W. van Straten et al. 2012) application
PSRSMOOTH. Topocentric arrival times are measured with a
standard Fourier-domain pulse profile cross-correlation techni-
que, with uncertainties estimated with a Monte Carlo simula-
tion. Arrival times with a signal-to-noise ratio of cross-
correlation below 10are removed, and we perform a least-
squares fit using TEMPO2 (G. B. Hobbs et al. 2006) for the
pulsar spin, binary, and astrometric garameters on the 2625
remaining arrival times. The reduced x~ is 1.0, and the weighted
rms and median residuals are 2.2 us and 3.4 us, respectively,
indicating a good model fit.

We infer posterior probability distributions for the timing
model parameters together with noise parameters using the
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Figure 6. Posterior probability distributions for key pulsar parameters from
the timing of PSR J2322-2650 with the MeerKAT radio telescope.
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Table 1
Measured Timing Parameters of PSR J2322-2650

Parameter Value

Pulsar Parameters
R.A., a (J2000)
decl., 6 (J2000)
Proper motion in R.A., 1, cos

23:22:34.638364(4)
—26:50:58.39619(8)
—2.26(3) mas yr'
—8.31(5) mas yr '
3.463099179266747(4) ms
Period derivative (P) 5.8586(16) x 1072 s 5!
Epoch (MJD) 59693.0
DM 6.14449(4) pc cm >
Parallax 1.59(17) mas
Semimajor axis® 0.00278444 (s)
Orbital period 0.3229640004(7) days
Eccentricity, e <0.00012 (95%)
MID ascending node 59692.9699957(14)

Proper motion in decl., s
Spin period (P)

Derived Parameters

63077 pc
26 + 3kms !
1.8(4) x 10722

Distance, D
Transverse velocity
Intrinsic P

Note.
 Projected semimajor axis of the pulsar (not the companion), in light-seconds.

Bayesian pulsar timing package inference ENTERPRISE
(J. A. Ellis et al. 2020). We use a noise model that is standard
in pulsar timing array analyses (including for the MPTA;
M. T. Miles et al. 2025), which describes white noise, DM
variations, and achromatic red noise in timing residuals.
However, no significant red-noise processes were detected.
Corner plots (D. Foreman-Mackey 2016) of the 1D and 2D
marginal posterior probability distributions for the main timing
model parameters of interest are shown in Figure 6. The
measured timing model parameters are provided in Table 1,
including the pulsar parallax, proper motion, period, and period
derivative. We do not detect orbital eccentricity and place a 95%
upper limit of e < 0.00012. The pulsar distance derived from the
parallax is D = 6307/ pc and the transverse velocity with
respect to the Sun is just 26 kms™'. Correcting for the peculiar
motion of the Sun means that the velocity of the pulsar is small in
the local standard of rest and indistinguishable from random
motions in the Galaxy. The pulsar is experiencing Shklovskii
pseudo-acceleration due to its transverse velocity and distance,
and this implies that the intrinsic period derivative is
P, = Py, — PDi2/c = 1.8(4) x 1072, where y is the pulsar
proper motion and ¢ is the speed of light. Such a low period
derivative makes PSR J2322-2650 one of the pulsars with the
weakest magnetic field strengths known (B> o< PP), which may
have helped the planet survive irradiation from the pulsar.

Appendix B
Analysis of JWST Data

We extract 1D spectra from the uncalibrated JWST data
using a mixture of the JWST pipeline and our own software
and methods. The first stage of the pipeline consists of fitting a
count rate to each pixel’s measured sequence of accumulated
counts. While we follow the general approach of the JWST
pipeline, we use our own software for every step of this stage.
Some of the changes in our approach have since been
implemented in the official pipeline.
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Figure 7. Comparison of different data reduction processes for the PRISM
data, averaged over 10 integrations. The region shown encompasses just under
half of the full PRISM spectrum.

Correlated 1/f noise (S. H. Moseley et al. 2010) is typically
corrected by the JWST pipeline using non-light-sensitive
reference pixels. Unfortunately, our data are in subarray mode,
where most of these reference pixels are skipped rather than
being read out. Our treatment of 1/f noise differs somewhat
from that of the JWST pipeline. We describe that approach
first, as we use it for all of our data processing, including the
construction of dark reference files.

The 1/f noise is correlated in time. The pixels in the
NIRSPEC subarrays are read out in columns, with each pixel
in a column being read out sequentially, before moving on to
the next column. As a result, temporally correlated noise
appears as a spatial correlation, with the value of the noise
being similar among all pixels in a column. There are several
approaches that can be used to mitigate this 1/f noise. One is
to compute and subtract the median value column by column
from each read, while another is to determine a set of pixels
that receive no signal (or nearly no signal) and to use these to
construct a noise model. Figure 7 shows both of these
approaches, together with the result of doing no correction, in
the top three panels. In each case, we show the count rate
averaged over the same 10 integrations with the same linear
color scale.

The top panel of Figure 7 shows the result with no 1/f
correction. The background regions have a visibly nonzero
count rate, due to the low-frequency component of the 1/f that
is shared by all reads; it would have a different value if a
different set of integrations were averaged together. The
second panel shows the result of a median subtraction column
by column. It shows large single-column deviations from
systematically different pixels along with biases from the fact
that science data are not excluded.

Our 1/f noise correction, shown in the third and fourth
panels of Figure 7, is based on the NSClean algorithm
(B. J. Rauscher 2024) as implemented in the JWST pipeline
(H. Bushouse et al. 2025). Our changes to the algorithm
consist of tuning the frequencies to be corrected and designing
a custom mask for the pixels to be used. For PRISM data, we
use four rows (numbers 7-10 of 64, beginning from 1)
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Figure 8. Empirical profile of the PRISM data used to extract spectra using the
optimal extraction algorithm. We use the 3 central pixels along the trace,
which itself is nearly parallel to a detector row, to extract the spectrum. The
pixel values correspond to the JWST pipeline’s x1ldints files; the
corresponding wavelengths are given on the top axis. Wavelengths below
0.8 pm are not used in the analysis.

between shutters, in addition to the top 22 rows. These rows
(with the exception of one bad column) are shown in the
bottom panel of Figure 7. The frequencies to be corrected are
specified by four numbers. Frequencies below the lowest
number or above the highest number (in Hz) are not corrected;
frequencies between the second and third numbers are fully fit.
Frequencies between the first and second numbers, and
between the third and fourth numbers, are apodized—i.e., fit
with a weight that smoothly varies between 0 and 1. The
default values for these four frequencies are 1061, 1211,
49,943, and 49,957 Hz. The latter number is just below
50,000 Hz; odd—even noise appears at a frequency of half the
pixel rate of 100 kHz and is corrected. We adopt values of 200,
600, 49,943, and 49,957 for our correction frequencies—i.e.,
we fit for lower-frequency noise than the pipeline defaults. We
are able to do this because we have more pixels available for
fitting in our custom mask than in the default mask.

In addition to the 1/f correction, we also revisit the JWST
pipeline step of the dark subtraction. The dark signal and bad
pixels available at the JWST Calibration Reference Data
System (CRDS)18 have evolved since those data were taken
and do not provide a perfect match to our data. Further, the
dark signal for most pixels is extremely small, so that it is
measured by the dark reference files only with low signal-to-
noise ratios. As a result, we do not perform a dark subtraction
for most pixels. Any dark that we would construct or use from
CRDS would have a realization of read noise in it, even if this
read noise is averaged over many integrations. Our mean
spectra are themselves averaged over nearly 700 integrations,
so the dark could easily make a significant contribution to the
total read noise. To avoid adding unnecessary read noise, we
use darks only to correct the neighbors of hot pixels.

We define hot pixels for our purposes as those that
accumulate more than 250 counts in 30 reads. We do not
aim to recover the value of the hot pixel but simply to remove
the impact it makes on its neighbors due to interpixel
capacitance. To get this right pixel by pixel for our PRISM
data, we construct a dark image for each read, from 151
integrations of grating data with the same subarray configura-
tion. These data do have a faint visible trace. We fit this trace
with a quadratic in pixel coordinates. Near the trace, the
grating-derived dark would be an inappropriate choice, as it is
not truly dark. We therefore substitute the value of the CRDS
dark for pixels within 3 pixels of the center of the grating trace.

'8 hitps:/ /jwst-crds.stsci.edu
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Figure 9. Adopted empirical profiles of the G235 grating traces for detectors
NRS1 (top) and NRS2 (bottom) shown with points for the measured pixel
values after normalizing in the cross-dispersion direction and fitting the trace
position. The different colored points show the shorter- and longer-wavelength
ranges of each detector.

Finally, we use our hybrid dark to correct hot pixels and
their immediate neighbors, before masking the hot pixels
themselves. For an isolated hot pixel, we scale the dark to the
science frame and subtract it in a 3 x 3 patch around the hot
pixel. The hot pixel itself now has zero flux; we mask it for all
further analysis. The immediate neighbors of the hot pixel now
have had the effects of interpixel capacitance removed. If a hot
pixel is not isolated, we need to be careful not to doubly
remove the interpixel capacitance. We use the same algorithm
described above, but for pixels that border more than one hot
pixel, we split their values across multiple 3 x 3 patches. The
bottom panel of Figure 7 shows the impact of the hot-pixel
processing, with neighbors of hot pixels appearing to be
consistent with the large-scale background.

The steps above create a calibrated set of individual reads,
but we still must fit for a count rate for each pixel in each
integration. For this, we use the likelihood-based ramp-fitting
and jump-detection algorithms described in T. D. Brandt
(2024a) and T. D. Brandt (2024b). These were integrated into
the JWST pipeline after these data were reduced. So-called
snowballs (M. Regan 2024) are clusters of pixels showing a
jump in counts after an energetic cosmic-ray hit. Some of these
jumps are at levels that are difficult to detect in an individual
pixel. To remove snowballs, we search for 7 x 7 pixel clusters
where at least 80% of the pixels show evidence of a jump.
We then compute the mean radius of this cluster of jumps,
expand it by a factor of 2.5, and apply a mask to these reads for
these pixels. Finally, to mitigate persistence from strong
cosmic-ray hits, we exclude the remainder of the ramp for all
pixels that had jumps registered on at least three consecutive
reads.

Our suppression of correlated noise is good enough that the
uncertainties in the ramps are now overestimated. We quantify
this by the distribution of the ratio of the ramp slope fit divided
by its estimated uncertainty. Because most pixels are either
unilluminated or nearly so, this distribution should closely
approximate a unit Gaussian. Instead, we find that the
distribution closely approximates a Gaussian with a standard


https://jwst-crds.stsci.edu

THE ASTROPHYSICAL JOURNAL LETTERS, 995:L.64 (15pp), 2025 December 20

deviation of 0.8. We therefore reduce the estimated uncertain-
ties on the ramp slopes by 20%.

Our processing of the grating data matches our processing
of the PRISM data as described above and shown in Figure 7.
For the background pixels for a 1/f correction, we empirically
determine the location of the trace by fitting a quadratic in
pixel coordinates and exclude pixels within 4 pixels of the
trace.

The next step of our data reduction is spectral extraction. We
use the JWST pipeline for the initial step of flux calibration,
continuing with our own routines subsequent to the generation
of the calints files. We proceed with optimal extraction
using an empirical trace profile. For the PRISM data, the trace is
nearly horizontal, lining up with one of the detector rows. We
limit the consideration of the trace to 3 pixels: the central pixel
and its two nearest neighbors. We first smooth the 2D spectrum,
using a running median in the dispersion direction; we then
normalize each column in the cross-dispersion direction. We
next fit a quadratic to the (normalized) pixel value as a function
of position in the dispersion direction. Finally, we renormalize
this empirical trace profile at each position in the dispersion
direction.

Figure 8 shows the empirical trace profiles that we obtain
from the JWST pipeline’s calints files using our custom
rateints files as input. These consist of scaled 2D
calibrated cutouts from the ramp slope files that we obtain as
described earlier in this section. We use the trace profiles in
Figure 8 to perform an optimal extraction (K. Horne 1986) but
without weighting by the estimated uncertainties in each pixel.
The estimated uncertainties are correlated with the measure-
ment errors themselves (fewer recorded photons lead to a
lower estimated photon noise), so weighting the profile by the
estimated uncertainties would introduce a bias. The code that
we use for spectral extraction, although not the code for
constructing the trace profile, has also been added to the JWST
pipeline since this reduction was done. We use the JWST
pipeline’s wavelength calibration.

Our approach for grating spectral extraction differs for two
reasons: the signal-to-noise ratio is lower, and the trace shows
significant curvature relative to the detector axes. We adopt a
multistage process. We begin by averaging all of our grating
exposures. We then fit the trace profile using a quadratic in
pixel coordinates. Next, we normalize the average grating
exposure column by column. Finally, we plot each pixel value
as a function of its distance from the trace. A Gaussian with a
standard deviation of 0.6 pixels provides a visually good fit.
Figure 9 shows this empirical trace profile together with the
measured values as a function of distance from the trace
center. The trace profile appears to be consistent between the
NRS1 and NRS2 detectors and does not appear to vary
significantly with wavelength: the short-wavelength and long-
wavelength halves of the data are consistent when plotted
against one another. A higher-fidelity reconstruction of the
trace profile for the grating data could modestly improve our
results. Finally, we adopt the JWST pipeline’s wavelength
solution.

Appendix C
Internal Structure Modeling

We generate interior structure models (M. C. Nixon &
N. Madhusudhan 2021; M. C. Nixon et al. 2024) of
PSR J2322-2650b to explore its possible bulk composition.
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We consider three illustrative compositions for the planet: a pure
carbon interior, a pure helium interior, and an interior of 99%
helium and 1% carbon by mass. We use temperature-dependent
equations of state for helium (G. Chabrier & F. Debras 2021) and
carbon (G. I. Kerley & L. Chhabildas 2001). For the mixed
carbon and helium interior, we assume an additive volume law to
obtain the mixed equation of state. We assume an isothermal—
adiabatic temperature with a photospheric pressure of 1 mbar and
a radiative-convective boundary of 10 bar. The isothermal region
of the atmosphere is fixed to 1500K, with an adiabatic
temperature profile used at deeper pressures.

Within the mass range of 1.5-2.5M;, we find that a pure
carbon object would have a radius of 0.393-0.394 R;. Adjusting
the temperature profile so that the radius becomes 1 R; requires
a photospheric temperature of 5300 K, which yields a central
temperature of 4.6 x 10> K. This is significantly hotter than
would be expected for PSR J2322-2650b. The pure helium and
mixed helium + carbon models yield radii much closer to 1 Ry
using our nominal temperature profile. The pure helium models
range from 0.837 to 0.947 Rj, and the mixed helium + carbon
models range from 0.821 to 0.925 R;, within the mass range of
1.5-2.5M;.

Given the apparent depletion of hydrogen from the planet’s
atmosphere, and the fact that model planets with significant
amounts of elements heavier than helium result in radii 1Ry,
it seems likely from this initial analysis that the planet consists
primarily of helium. A more complete analysis, using a wider
range of compositions and accounting for the partly differ-
entiated interior as well as the nonspherical shape, would be
required to confirm this and refine constraints on the bulk
composition. This detailed analysis is left for a future study.

Appendix D
HELIOS Models

HELIOS is an open-source 1D radiative transfer code
developed for planetary atmospheres (M. Malik et al. 2017).
Given planetary parameters and an atmospheric composition,
it finds the radiative-convective equilibrium and outputs the
resulting emission spectrum as well as the temperature—pressure
profile. HELIOS self-consistently supports external irradiation by
main-sequence stars, but we model the pulsar planet as an
internally heated brown dwarf, because most of the pulsar’s
radiation is in ~GeV gamma rays, which penetrate well below the
infrared photosphere. In a helium atmosphere, the electromagnetic
shower induced by the gamma-ray collision deposits energy at a
mass column density of ¥ ~ 2000gcm 2 (Equation (7) of
D. Kandel & R. W. Romani 2020), corresponding to a pressure of
P = Xg = 10bar for the subpulsar point. (This calculation
neglects tidal forces from the pulsar, which reduce the effective
g and therefore the characteristic P.) We therefore turn off external
irradiation in HELIOS by setting the stellar temperature to 0.

HELIOS requires opacity tables of all significant absorbers.
We generate correlated-k tables for C, and C,H, using the
ktable.py script included with HELIOS, starting from the high-
resolution opacities in the DACE database.'” C,H, is a stand-
in for a generic molecule with carbon-hydrogen bonds. Cj is
not in the DACE database, so we first generate opacities in
DACE format from the line list (A. E. Lynas-Gray et al. 2024)
using HELIOS-K (S. L. Grimm et al. 2021), before running
ktable.py to produce the correlated-k table.

' hitps:/ /dace.unige.ch/opacityDatabase /
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Table 2
Gas Volume Mixing Ratios, Cloud Parameters, and Internal Temperatures
Adopted in the HELIOS Models

Day Quadrature Night
VMRyye 0.994 0.997 0.9994
VMRg; 3x 1073 1.5%x 1073 1x107*
VMRc,» 1x1073 5% 107% 1 x107*
VMR coma 2x1073 1x1073 2% 107
Fdust (m) 0.03 0.04 0.1
Tine (K) 2250 2000 1675

For all our HELIOS models, we adopt a radius of 1 Ry and a
gravity of 4000cms . The atmosphere is assumed to be
helium-dominated, with the gas abundances specified in
Table 2. In our prescription, non-helium molecular abundances
are lower on the nightside than on the dayside, because larger
molecules with unknown opacities (such as C, and Cs) are
more abundant under chemical equilibrium, and because more
carbon should condense into clouds. All models have a
graphite “cloud” (dust) extending upward from 0.1 bar, with a
cloud bottom mixing ratio of graphite particles of 1 x 10~
and a scale height of 1.5 times the gas scale height. The only
difference in cloud properties between day and night is in the
particle radius, for which we prescribe 0.03 ;m on the dayside,
0.04 ym at quadrature, and 0.1 gm at night. These radii were
tuned to mute the spectral features, which we find to be much
too strong in a clear atmosphere. We also tune the one crucial
parameter that controls the temperature structure of the
atmosphere—T,,, Which quantifies the internal heat flux—so
that the average brightness temperature of the resulting
spectrum matches the observed brightness temperature. A
T/P profile more isothermal than predicted can also mute
spectral features, reducing the need for a cloud/dust layer.
Given the large uncertainties in the heating mechanism,
abundances, and opacity sources, we do not consider HELIOS’
T/P profile prediction to be robust.

These HELIOS models show that a cloudy helium-
dominated atmosphere with trace amounts of C;, C,, and a
hydrocarbon can reproduce the main features of the spectrum
at all phases. They are not intended to be a fully accurate
model of the atmosphere. Many parameters—such as the gas
abundances, cloud particle mixing ratio, and cloud scale height
—are simply assumed. In addition, many potentially important
physical processes are not modeled, such as the temperature
inhomogeneity across the planetary disk, the nonspherical
nature of the planet, and the nonconstant effective gravity
across the planet. Finally, while we use C;H, as a stand-in for
a molecule with C-H bonds, we do not expect it to survive at
2000 K temperatures. More likely candidates are C,H and
C;H, which equilibrium chemistry calculations predict to be
more abundant. We will be able to include their opacities once
high-temperature line lists are available.

Since HELIOS is a 1D plane-parallel model, it does not
account for dayside inhomogeneity. The irradiation, temper-
ature, effective gravity, and viewing angle all vary signifi-
cantly across the disk. We will explore the impact of the plane-
parallel assumption in future work.
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Appendix E
GCMs

To model the atmosphere of the pulsar companion, we use
the 3D GCM MITgcm (A. Adcroft et al. 2004) in the ADAM
framework, which solves the primitive equations of meteor-
ology on a cubed-sphere grid and has previously been used to
model hot gaseous planets extensively (A. P. Showman et al.
2009; N. K. Lewis et al. 2014; X. Tan & T. D. Komacek 2019;
V. Parmentier et al. 2021; M. E. Steinrueck et al. 2021;
A. Roth et al. 2024; X. Tan et al. 2024). These equations are
coupled with a double-gray radiative transfer scheme (see
T. D. Komacek et al. 2017 for details) routine, with the thermal
absorption coefficient calculated as a power law in pressure
(T. D. Komacek et al. 2017). Our irradiation scheme
(described below) deposits a set total amount of heat in the
atmosphere centered upon a prescribed pressure. As such,
there is no shortwave heating in the double-gray radiative
transfer scheme. We set the internal temperature, Tj,, to be
500 K, such that the net thermal flux emerging from the bottom
of the domain is o731,

To our knowledge, no GCM of a pulsar planet has been
published previously (however, GCMs of neutron stars have been
explored; see J. Nittild et al. 2024). As discussed in the previous
subsection, the companion is primarily heated by the pulsar’s GeV
gamma rays, which deposit their energy at a typical pressure of
~10 bar at the subpulsar point (and ~10 cos(#) bar at an angular
distance 6 from the subpulsar point). We model this heating by
artificially adding in a heat source at a characteristic pressure of
Py cos 0, where Py = 10 bar and 6 is the angular distance from the
substellar point. The flux received from the pulsar is

Ly

F = cos b,
47a?

(EL)

where Ly is the pulsar heating luminosity. We adopt
Ly = 9.1 x 10*%erg s, from the ICARUS light-curve model
fit. We distribute this flux as a Gaussian in In(P) space with a
standard deviation of 1 (roughly corresponding to one scale
height):

dF Ly
dinP  4md?

Pycost

c:os@exp(—%ln2 [L])/m (E2)

To convert djl—FP into a volumetric heating rate, we multiply
n

dinP
by |7

infinitesimally small dz, so
volumetric heating rate I' of

|. In hydrostatic equilibrium, P = P,exp(—z/H) over
|9"P\ — 1/H. We obtain a
Lu cos 0 —lln2

dz
1 P
= — ¢ , E3
4ma? V2rH xp( 2 [POCOSH]) )

where H is the local scale height. Dividing I' by p gives the
heating rate per unit mass, which we put into the GCM
following A. P. Showman et al. (2009) as a simple prescription
for gamma-ray heating.

As the physical properties of the companion are not well
constrained, we take the mass and radius of the companion to be
1.5My,, and 1 Ry, respectively. We use the published rotation
period of 0.322days (R. Spiewak et al. 2017). We use a
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3 Bar Hoating

Figure 10. Temperature structure from 3D GCMs. Here, we show maps of the
time-averaged temperature and streamlines at two isobars (left) and equatorial
temperature—pressure profiles (right) for two different heat deposition cases.
The subpulsar point is indicated with a star. The isobaric projections
correspond to roughly 20 mbar (the top row of the maps)—shown by the blue
substellar marker and dashed line in the 7-P profiles—and 2 bar (the bottom
row of the maps)—corresponding to the purple dashed line and marker from
our GCMs with a bespoke heating scheme given heat depositions centered at
3 bar and 0.3 bar. The combination of a rapid rotation rate and deep heating
results in the circulation pattern. Specifically, we find westward-shifted
midlatitude hot regions at the 2 bar pressure level for both cases of heat
deposition. However, at 20 mbar, the model with more shallow heating shows
a different temperature structure that is more symmetric and unlikely to
produce a westward offset. In the more deeply heated 3 bar case, the hot region
being centered at negative longitudes implies a flux peak after phase 0.5, as
observed.

dynamical time step of 10s for each simulation, spanning from
roughly 100-10"®bars in pressure over 70 vertical levels. We
assume a mean molecular weight of 4amu and set the heat
capacity to that of a monoatomic gas, reflecting the likely helium-
dominated composition of the atmosphere. Each model was run
for at least 1500 planetary days to ensure sufficient spinup time.

We plot the isobaric temperature and streamlines for two
pressure levels as well as equatorial temperature—pressure
profiles in Figure 10 for heating centered at 3 bar and 0.3 bar.
The subpulsar point is indicated by the star, whose color shows
the corresponding pressure level on the temperature—pressure
profiles (purple for roughly 2 bar and blue for 20 mbar). At 2 bar,
both cases show midlatitude hot anticyclones that are centered
west of the substellar point. The resulting westward offset is a
result of the rapid rotation of the planet; see E. K. H. Lee et al.
(2020), X. Tan & A. P. Showman (2020), and R. Zhan et al.
(2024) for previous studies of planets in this regime. Because the
pulsar planet is viewed at low inclination, the midlatitudes
contribute a disproportionate percentage of the total flux, further
increasing the westward offset in the data. Notably, at 20 mbar,
the more shallowly heated 0.3 bar model diverges from this
circulation pattern and appears unlikely to produce a westward
offset. This suggests that this heating may be too shallow to
explain the JWST phase curve of PSR J2322-2650b, and instead
deep heating is required to match the observations.

We note that our GCMs display stronger heat redistribution
than in our observed phase curves (see Figure 5), particularly
the 0.3 bar model. Future work will improve the realism of the
GCMs by exploring a larger model parameter space, including
further variation of the heat deposition, examining the
influence of the infrared opacity, and self-consistently
postprocessing the model to produce spectroscopic phase
curves to gauge the magnitude of the westward offset.

Appendix F
Cross-correlation

Cross-correlation is used extensively to detect molecules in
high-resolution (R 2 20,000) transmission and emission
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spectra of exoplanets (I. Snellen 2025). JWST spectral
resolutions are much lower, but cross-correlation has never-
theless revealed CO in the NIRSpec G395H transmission
spectrum of WASP-39b (E. Esparza-Borges et al. 2023).

To check for the presence of a molecule in the atmosphere,
we first make a template from -In(oy), where o, is the
absorption cross section of the molecule at a fiducial
temperature of 2000 K and 10 mbar (a rough approximation
of the planet’s infrared photospheric conditions). The precise
pressure is unimportant, because thermal broadening
dominates over pressure broadening at P < 1 bar, for the

default pressure broadening assumed by ExoMol of
0.5
0.07 cmfl(;(g)oi) = 0.03 cm~!. We generate the C, cross

sections with ExoCross (S. N. Yurchenko et al. 2018) at
R= 106, take their natural log, broaden the result with a
Gaussian filter to the maximum instrumental resolution
(R=4200), interpolate onto a wavelength grid with spacing
of A/16,000, and then detrend using a uniform filter with a
width of 20 (equivalent to A\/800). This broadened and
detrended -In(oy) is the cross-correlation template.

We process the G235H data into a residuals grid using a
methodology similar to that used in HRCCS. We first compute
the median spectrum across the whole observation and fit a
second-order polynomial to the region blueward of 3 um (to
avoid the Cjy cliff at 3.014 um) to estimate the continuum. We
divide every spectrum by this polynomial, then divide it again
by the median of the continuum-corrected spectrum to account
for planetary flux variations over time. Next, we subtract the
column median from every column (corresponding to one
wavelength). This subtraction step removes all spectral or
pseudo-spectral features due to bad pixels, the thermal
background, or flatfielding errors, so long as the features do
not vary with time. The planet’s spectral features are mostly
protected from this subtraction, because they shift over time
due to orbital motion. Finally, to match the processing done on
the template, we detrend each row of the residuals grid with a
uniform filter of width 20 and interpolate it onto the same
wavelength grid.

Figure 11 shows the cross-correlation value as a function of
time and blueshift. C, is strongly detected, and the orbital
motion of the planet is clearly visible. Using exactly the same
methodology, CO is not detected. CO’s absorption cross
section is many orders of magnitude smaller than C;’s
throughout most of the G235H bandpass, but is only ~10
times smaller at 2.30-2.47 um. To improve sensitivity to CO,
we tried only using this wavelength range but still obtained no
detection. We do, however, detect C, at 6.10.

To derive a robust model-independent upper limit on the
CO-to-C, abundance ratio, we perform an analysis based
solely on the cross sections of CO and C,. We model the
brightness temperature as 7,(\) = Ty — rIno()\), where
o(AN) = focx(AN) + (1 — floco(N) is the absorption cross
section at 2000 K and 10 mbar. 7, is computed so that the
median brightness temperature over 2.30-2.47 um equals 2350
K (in accordance with observations). We convert T}, to F,, with
Planck’s law, bin the R = 106F,, down to an instrumental
resolution of R =3100 with a Gaussian filter, interpolate to a
wavelength grid with spacing of A/6000 (equal to the G235H
wavelength spacing at 2.39 ym), and add random Gaussian
noise to each data point with a standard deviation equal to
8% of the mean F,, (equal to the error on the real observations).
The cross-correlation value at Vi, = 0 of the detr-
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Figure 11. Cross-correlation value between the residuals grid and the C, template (left) or the CO template (right), as a function of time/phase and blueshift. The
negative “shadow” on the left is from self-subtraction during the columnwise subtraction step.

ended simulated observations with the detrended Inocy ()
(Inoco(N)), divided by the standard deviation of the CCFs in
the 1250 < |Vi| < 5000kms™" regions, is the detection
significance of C, (CO). For each f, we first tune r so that the
detection significance of C, reaches 6.0c. We then compute
the detection significance of CO with the same r. This exercise
reveals that at f= 1.0, r = 50 K is required to detect C, at 6.00,
at which point CO is (unsurprisingly) “detected” at 0.1c0. At
f=0.25, r must be 50K, and CO is detected at 2.40. The
detection significance of CO increases to 3.00 at f=0.15
(r=75K) and to 3.50 at f=0.1 (r =80 K). These results are
highly insensitive to both r and the injected noise, provided
that the combination of the two results in a 60 C, detection. To
prove this point, we double our injected noise from 8% to 16%
and find that at f=0.25, r=140 K achieves a 6.10 C,
detection and a 2.40 CO detection—identical to our fiducial
results. We also halve our injected noise from 8% to 4% and
find that at f=0.25, r =35 K results in an identical 6.10 C,
detection and 2.40 CO detection.

Appendix G
PRISM Phase-curve Model

We construct 3D models of the heated companion surface in
the Roche geometry, assuming that the pulsar heating is
dominated by gamma rays, as is true for other black widows.
Then, using the ICARUS binary light-curve code (R. P. Breton
et al. 2012), with improvements including surface winds and
more realistic gravity and limb darkening (D. Kandel &
R. W. Romani 2020), we integrate over the companion surface
at each orbital phase, computing the emergent spectrum and
light curve. Normally, this employs a grid of stellar atmo-
spheres, but at present we do not adequately understand the
temperature /pressure variations of the very strong molecular
carbon bands to compute reliable emergent spectra for the
range of temperatures on the companion surface. Nevertheless,
the PRISM phase curves show clear thermal modulation, with
near-featureless Planckian spectra at minimum. Therefore, we
isolate (as most continuum-dominated) two bands away from
the strongest broad absorption features and fit these to light-
curve models, assuming Planck emission at the local effective
temperature.
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The light-curve model fits for the companion’s base
(nighttime) temperature, the isotropic equivalent pulsar heat-
ing power, the system distance, and the orbital inclination. We
find that all fits converge to a high Roche-lobe fill factor and so
fix the ratio of the nose radius to the L1 point distance to
f1 = 0.99. The phase offset requires a significant surface wind,
where the wind strength is characterized by the ratio of
radiation to advection timescales € = T,q/7Taay ~ —0.12; the
negative sign indicates westward flow predominates at the
latitudes that dominate the observed emission. While we use a
standard analytic model for the limb-darkening coefficients
based on solar values (H. Neckel 2005), we find that the final
results are sensitive to this assumption. Lacking detailed
atmospheric emission models, we parameterize this sensitivity
with a simple rescaling of the limb-darkening amplitude.

This simple model does well at explaining the bulk of the
light curve, indicates a low inclination, and gives a
photometric distance consistent with the parallax constraint.
The Earth line-of-sight views shown below the curve show
how even the night-phase spectral energy distribution (SED)
will be dominated by dayside fluxes from moderate latitude,
viewed close to the limb. However, the model does not capture
the nighttime variability of the planet from orbit to orbit—the
nightside is hotter the first time we observe it than the second,
and by a larger amount at shorter wavelengths. This may be
from an eruptive event, as seen in other black-widow systems
(e.g., R. W. Romani et al. 2015), although such eruptions are
associated with very strong pulsar heating and/or magnetic
activity on the companion, neither of which apply here.
Alternatively, variable high-latitude winds at the terminator
might cause fluctuations in emissivity or limb darkening. This
variability at orbital minimum induces a large systematic that
dominates our present inclination uncertainty and hence pulsar
mass uncertainty, exacerbated by our poor knowledge of the
true limb darkening. We report parameters for fits to the full
light curves, and for fits excluding the first or second
minimum, in Table 3. Note that systematic errors dominate.
The fit distance is at the large side of the parallax-allowed
range; imposing this range as a prior makes little difference to
the best-fit parameters. The parameters are particularly
sensitive to the limb-darkening enhancement Cyp; because
the system is viewed at small inclination i, this allows a large
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Table 3

Light-curve Fit Parameters

All Phases —0.12 to 0.88 0.07-1.06
Ty (K) 904 + 15 + 40 833 915
Ly(10%%ergs™) 914+02+2 11.4 7.7
i (deg) 3094+ 0.5+ 2.6 28.1 33.1
d (pc) 750 £ 10 + 45 800 710
€ —0.123 £ 0.003 —0.133 —0.124
Cip 21402408 29 14
x*/DOF 2.22 1.74 2.00
Mpsg (M) 1.97+0.1 £0.5 2.56 1.65

Note. The first errors are +10 fit errors, inflated by XZ/DOF, while the second
errors represent systematics from the range of the three fits.

range of inclinations and hence of system masses. The PRISM
data quality is such that, if reliable emergent spectra and limb
darkening could be computed, we could fit to the full spectral
range and substantially constrain the allowed parameters. Until
better atmosphere models are available, SEDs covering several
orbits would be required to understand the minimum
variability and establish the true thermal minimum and precise
orbital inclination.

At first sight, the large inferred isotropic heating power Ly is
puzzling. However, the pulsar gamma-ray emission—and to a
lesser extent the particle flux—is concentrated toward the spin
equator, especially for low magnetic inclination. Also, for
large masses and the preferred stiff equation of state
(J. M. Lattimer & B. F. Schutz 2005), the pulsar moment of
inertia is large, with Ii5~ 1.2(M/M.)'>, increasing the
inferred pulsar spindown luminosity and magnetic field. For
example, with Mpgp = 2M., we infer E ~ 6 x 103 %erg s~!
and so the heating power should be beamed by >1.5 times
toward the equator. Thus, the strong companion heating
implies strong beaming, possibly in combination with a high
pulsar mass.

Perhaps the most interesting system parameter is the pulsar
mass, Mpsg, since a precise measurement should help us
understand the accreted increment and the associated decrease
in the pulsar dipole field. If large, the mass might also
contribute to our understanding of the dense matter equation of
state. At present, our fits are not constraining. However, as
noted above, with improved modeling of the molecular
carbon-dominated atmosphere, the JWST data can allow us
to address these important questions.

Appendix H
Equilibrium Chemistry Grid

To derive conservative constraints on the elemental C/O and
C/N ratios from our C,/CO and C,/CN lower limits, themselves
derived from cross-correlation of the G235H spectra, we generate
two equilibrium chemistry abundance grids with FastChem. The
grids cover log;o(C/He) of —5 to 1 in steps of 0.05, temperature
of 600—4000K in steps of 100K, and pressure of 10~ bar to
10® bar in steps of 1 dex. The first grid covers log;o(C/O) of
—1 to 5 in 60 steps, while the second grid covers log;o(C/N) of
0 to 7 in 60 steps. For reference, the solar photospheric values are
log;o(C/0) = —0.22 and log;o(C/N) = 0.63. The first grid only
includes the elements He, C, and O, while the second grid only
includes He, C, and N.
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In the first grid, C,/CO > 0.17 is violated at all grid points
unless C/O>2. Restricting the temperature to <2300K
strengthens the upper limit to C/O > 11. Further imposing
the restrictions C/He>0.0035 (the solar value) and
P > 1 mbar raises the upper limit to C/O > 100.

In the second grid, C,/CN > 32 is violated at all grid points
unless C/N > 300. Restricting the temperature to <2300 K
raises the limit to C/N > 2000. Further imposing the
restrictions C/He > 0.0082 (the solar value) and P > 1 mbar
raises the upper limit to C/N > 10,000.
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