Aerosols and hydrocarbons in the atmosphere of a
white dwarf planet

Ryan J. MacDonald"?, Christopher E. O’Connor**, Victoria A. Boehm?, E. M.
May?, David K. Sing®, Elijah Mullens?, L. C. Mayorga®, Trevor O. Foote®’, Simon
Blouin®, Logan A. Pearce®?, Nikole K. Lewis>, Jeff Valenti'?, Natasha E.
Batalha'!, Sydney Jenkins'?, Maura Lally?, Mary Anne Limbach?, Joshua D.
Lothringerm, Mark S. Marley13, Ishan Mishra'4, Susan E. Mullallylo and Andrew
Vanderburg!?

lUniversity of St Andrews, St Andrews, UK
2University of Michigan, Ann Arbor, MI, USA
3Cornell University, Ithaca, NY, USA
4Northwestern University, Evanston, IL, USA
3Johns Hopkins Applied Physics Laboratory, Laurel, MD, USA
6Johns Hopkins University, Baltimore, MD, USA
"NASA Goddard Space Flight Center, Greenbelt, MD, USA
8University of Victoria, Victoria, BC, Canada
9Steward Observatory, University of Arizona, Tucson, AZ, USA
10Space Telescope Science Institute, Baltimore, MD, USA
IINASA Ames Research Center, Moffett Field, CA, USA
12Massachusetts Institute of Technology, Cambridge, MA, USA
13Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, USA
14Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Most stars, including our Sun, will one day evolve
into red giants and, subsequently, white dwarfs.
Several planet candidates have recently been iden-
tified orbiting white dwarfs'~, demonstrating that
planets can survive the stellar post-main-sequence
stage intact. Little is known about the atmospheric
composition of post-main-sequence planets, with
the most evolved transiting planets with atmo-
spheric detections to date orbiting subgiants™®.
Here we report an atmospheric detection for the
white dwarf planet WD 1856 b, achieved through
transmission spectroscopy with the JWST NIR-
Spec PRISM. Our 0.5-5.0 zm spectrum reveals the
presence of hydrocarbons (odds ratio of 167:1—
5377:1, with CH, preferred at 17:1-30:1), aerosols
(2x10°:1-2x10°:1), and thermal emission from the
planetary nightside (2x10%3:1-2x1073). Our spec-
tral analysis constrains WD 1856 b’s mass to

4.3-10.9 Mj, finds a carbon-enriched atmosphere
(with a CH4 abundance of ~ 7 %), and an effec-
tive temperature exceeding the expected planetary
equilibrium temperature (390—412K vs. 160 K).
Based on cooling models, these results suggest that
WD 1856 b underwent a migration-related reheat-
ing event 3.0-5.5 Gyr into the white dwarf phase,
consistent with post-main-sequence tidal evolu-
tion to the present-day 0.02 au circular orbit. Our
results provide a window into the ultimate fate of
giant planets orbiting stars with masses similar to
our Sun.

We observed a transit of WD 1856 b on 27
April 2023 with JWST’s Near InfraRed Spectro-
graph (NIRSpec), using the PRISM mode, as part
of Guest Observer Program 2358 (PI: Ryan Mac-
Donald). WD 1856 b is a cool (T,q = 160K)
Jupiter-sized (0.9 R;) planet transiting the white



dwarf WD 1856+534!. The host white dwarf (Tog =
4710K, 0.0131 Rsun, 0.518 Mgun, teool ~ 6Gyr;')
is 25pc from Earth and has a DA spectral class’.
The current close-in orbit of WD 1856 b (0.02 au
/ 1.4-day) requires orbital evolution after the main
sequence to avoid engulfment during the red giant
phase. Hypotheses for WD 1856 b’s orbital evolu-
tion include common-envelope evolution during the
red giant or asymptotic giant branch (AGB) phase®*’
or, alternatively, high-eccentricity migration'?. Distin-
guishing these scenarios has proven challenging, given
the uncertain planetary mass'-'""12, As the host white
dwarf WD 1856 is a relatively faint target (J = 15.677),
we prioritized the wide wavelength range (0.6-5.5 ym
at a mean resolving power of A/AX ~ 100) and high
throughput of the NIRSpec PRISM over other JWST
instrument modes. Our observation lasted 1.98 hours,
of which WD 1856 b’s transit lasted 8 minutes.

We reduced the JWST observations using
two independent data pipelines, FIREFLy ' and
Juniper (newly presented here, see Methods). Each
reduction pipeline yielded sets of spectroscopic transit
light curves for WD 1856 b, which we independently
fit with a transit model (Methods). Since most exist-
ing stellar model grids do not include models for
evolved or remnant objects, our transit models used
a custom limb darkening prescription for WD 1856
derived from a white dwarf model'* fitted to the out-
of-transit host flux (Methods). Figure 1 shows transit
light curves of WD 1856 b from FIREFLy, inte-
grated over two broadband wavelength regions from
0.55-1.71 pm and 4.19—4.96 pum. Our JWST observa-
tions find a 3% shallower transit depth in the second,
near-infrared, wavelength region compared to visible
wavelengths. The physical mechanism for this transit
depth difference is planetary thermal emission, as we
establish below. Our PRISM transmission spectrum
of WD 1856 b from the FIREFLy code is shown in
Figure 2 (left panel).

We model WD 1856 b’s transmission spec-
trum using the radiative transfer and retrieval code
POSEIDON '>16) adapted here to include partial
planet-star overlap (i.e. grazing transit geometry) and
the effect of nightside thermal emission'”!8 (see
Methods). We consider the main carbon, oxygen,
nitrogen, sulphur, and phosphorous carriers expected
in a Hy dominated atmosphere at WD 1856 b’s
equilibrium temperature, and several disequilibrium
tracers, resulting in the following gases: CH4, NHs,
HQO, COQ, CO, C2H2, HQS, PH3, HCN, C2H4, and

CsoHg. Our retrievals freely fit the temperature struc-
ture, chemical composition, an opaque cloud deck,
and a power law haze'®. Given WD 1856 b’s uncer-
tain mass, our retrievals fit the mass jointly with the
atmospheric properties. We conducted retrievals on
both data reductions, finding excellent consistency
between FIREFLy and Juniper (see Methods).
The retrieved spectrum and temperature structure for
the FIREF Ly reduction are shown in Figure 2.

Our retrievals establish at least one hydrocarbon
4.50/InB = 8.59 for Juniper,3.60/InB =5.12
for FIREFLy) is present in WD 1856 b’s atmosphere.
The main contributor to the hydrocarbon inference
is CHy 3.10 / InB = 3.40 for Juniper, 290 /
In B = 2.87 for FIREFLy), but CoHg also contributes
to the best-fitting model. Figure 3 (left panel) shows
spectral contributions to our best-fitting model, which
achieves an excellent fit to the FIREFLy data (x2
= 1.03 with 102 degrees of freedom). The fit qual-
ity is slightly less good for Juniper (x2 = 1.28,
indicating consistently with the data within 20 for
102 degrees of freedom), but the retrieval results are
nonetheless consistent between the two data reduc-
tions. CHy causes three prominent absorption bands
near 1.75 pym, 2.3 um, and 3.3 um, with the retrieved
CH, abundance (2-20 %) indicating an atmospheric
metal enrichment of ~ 100 x solar (log C/H =
2.2470-3% for FTREF Ly and 2.21703 for Juniper
in solar units, with corresponding 3 ¢ lower limits of
10.8x solar and 7.9x solar, respectively). We con-
firmed the CH4 inference arises from multiple bands
by repeating a FIREF Ly retrieval with the data from
3.1-3.5 yum masked, yielding a 3.0 model prefer-
ence. The best-fitting model includes a contribution
from PH3 near 4.3 yum, which could be an indica-
tor of disequilibrium vertical mixing as in Jupiter’s
upper atmosphere'®. However, model degeneracies
and lower signal-to-noise at longer wavelengths pre-
clude a detection of PH3 with the present data. Sim-
ilarly, a feature attributable to CoHg at 3.4 um is
partially degenerate with CH,4 absorption near 3.3 pm,
so CyHg is not significantly detected. However, the
combined evidence for any hydrocarbon (i.e. CHy,
CoHs, CoHy, and CyHg) is statistically significant at
~ 4 0. No other chemical species (e.g. NH3 or HyO)
are detected (see Methods, Extended Data Figure 4 for
upper limits).

Besides hydrocarbons, we detect thermal emis-
sion from the observer-facing nightside hemisphere
(1850 / InB = 169 for Juniper and 17.3¢
/ InB = 146 for FIREFLy) and aerosols (5.7 ¢



InB = 14.5 for Juniper and 530 /InB = 12.3
for FIREFLy). Emission from the nightside hemi-
sphere (~ 400K) causes the significant downwards
slope longwards of 3.5 um. Since thermal emission
in opacity windows arises from deeper, hotter layers,
an optically thick cloud deck must exist for pres-
sures deeper than ~ 10 mbar (Figure 2, right panel) to
explain the lack of ‘negative spikes’ between the CH,
absorption bands (Figure 3, left panel). Since most
thermal emission arises from the cloud-top tempera-
ture, the recent measurement of a ~ 190K thermal
excess in MIRI photometry of the WD 1856 system'?
(at a different epoch near quarter phase) potentially
indicates variable cloud-top pressures for different
hemispheres or in time. Alternatively, an unidenti-
fied systematic or calibration issue affecting either
instrument may reconcile the difference, but we did
not identify any such effect in either dataset. Addi-
tional evidence of aerosols arises from the scattering
slope shortwards of 1 ym, which is more prominent
than Hy Rayleigh scattering from a clear atmosphere.
We investigated several specific aerosols using a Mie
scattering model, but the present data are insufficient
to identify the aerosol’s chemical composition (see
Methods). Finally, we report the first constrained mea-
surement of WD 1856 b’s mass: 4.3-109 M; (1o
spread across both data reductions, or 6.72% Mj for
FIREFLy and 7.873-1 My for Juniper). Our mass
constraint arises from a scale height trade between
the CH4 absorption features and the integrated opti-
cal depth to the emitting pressure of the nightside
atmosphere.

The atmospheric temperature at which WD 1856 b
radiates to space (Tog = 390—412K, or 40018 K for
FIREFLy and 40577, K for Juniper; see Meth-
ods) is substantially elevated over both the equilibrium
temperature (160 K) and that expected for an evolved
giant planet at the ~ 10 Gyr system age (< 100K)'.
Given the retrieved mass and the present-day circular
orbit, internal power sources such as deuterium fusion
or tidal heating cannot contribute to the observed
effective temperature (see Methods). However, a ther-
mal reset of WD 1856 b can have occurred by either
tidal heating during high-eccentricity migration'® or
immersion in the stellar envelope during a common-
envelope phase®®. These two scenarios predict differ-
ent migration times relative to the death of the host
star: common-envelope evolution coincides with the
end of the progenitor’s AGB phase (5.4 £ 0.7 Gyr

ago; see Methods) and lasts ~ 1 Myr?, whereas high-
eccentricity migration can occur anytime during the
white dwarf phase. Because substellar objects cool
down at a predictable rate, our planetary mass and
temperature constraints provide critical information to
infer the reheating epoch.

We reconstructed WD 1856 b’s thermal evolu-
tion using theoretical cooling models for substellar
objects (see Methods) to extrapolate its effective tem-
perature backwards from the present. Figure 4 shows
a random set of reconstructed thermal histories for
WD 1856 b, alongside the equilibrium temperature
evolution (tracing the white dwarf’s cooling). The
range of possible histories is governed by uncertain-
ties on WD 1856 b’s mass and the host’s cooling
age. For each thermal history, we calculated the white
dwarf’s cooling age at the time of reheating (denoted
to; see Methods). In Figure 4, t( corresponds roughly
to the time when each cooling model intercepts the
top of the diagram. We find WD 1856 b’s reheat-
ing occurred 3.0-5.5 Gyr after the end of the AGB
phase (4.2ﬂ:g Gyr for FIREFLy and 4.61”%3 Gyr for
Juniper, see Figure 4, inset). More conservative 2 o
lower bounds on ¢ty imply reheating occurred at least
1.4Gyr (FIREFLy) or 2.1 Gyr (Juniper) after the
AGB phase. The AGB and post-AGB/pre-white-dwarf
phases are extremely brief by comparison, lasting less
than 2 Myr and 0.1 Myr, respectively (see Methods).
The timing of the inferred reheating event is, therefore,
inconsistent with common-envelope evolution during
either phase. Therefore, WD 1856 b most likely under-
went high-eccentricity migration to its current orbit,
with the inferred reheating event corresponding to
tidal circularisation.

WD 1856 b represents the first well-characterised
transiting planet orbiting a white dwarf. The inferred
thermal evolution of WD 1856 b demonstrates that
high-eccentricity migration is a plausible fate for
giant planets after the stellar main sequence. The
retrieved CH4 abundance is similar to Neptune’s
deep atmosphere (4%2%'), which requires signifi-
cant carbon enrichment of the planet’s Hs envelope
from volatile-rich material, whether accreted before
its migration®>>* or afterwards?. This high atmo-
spheric metallicity (= 100x solar) enhances aerosol
production®®?8, consistent with the detection of a
short wavelength scattering slope in our transmission
spectrum. As WD 1856 b demonstrates, spectroscopy
of planets orbiting white dwarfs offers a new oppor-
tunity to determine the fate of planetary systems after
the death of their star.
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Fig. 1 | Detection of nightside thermal emission from WD 1856 b’s atmosphere. a. JWST NIRSpec PRISM transit observations of the white
dwarf planet WD 1856 b integrated over two broadband wavelength regions: 0.55-1.71 um (blue data points) and 4.19—4.96 um (red data
points). The best-fitting model transit light curves are overplotted (blue and red curves). The transit event is shallower at longer wavelengths
due to planetary thermal emission diluting the transit depth. The top schematic depicts the grazing transit geometry of the WD 1856 system,
with the planet and white dwarf shown to scale. b. Zoom-in of the mid-transit to demonstrate the high signal-to-noise detection of the nightside
thermal emission. The 1 & errors for the blue data points are too small to be seen (the mean 1 o errors are 5.3 x 10~* from 0.55-1.71 ym and
2.8 x 1073 from 4.19-4.96 um). c. Residuals between the data and best-fitting model.
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Methods

Data reduction

Our PRISM observation used 33 groups across 240
integrations, with each integration lasting 29.8 sec-
onds, for a total observing time of 1.98 hours. While
the transit duration of WD 1856 b only lasts 8 min-
utes, we selected this observing window to ensure
JWST captured a transit of WD 1856 b with sufficient
out-of-transit baseline for detector settling. We used
two independent codes to reduce the NIRSpec PRISM
observation of WD 1856 b and extract transmission
spectra: FIREFLy and Juniper. Here we detail the
reduction and light curve fitting approach used by each
code.

FIREFLy

We first reduced the WD 1856 b data using
the Fast InfraRed Exoplanet Fitting Lyghtcurve
(FIREFLy)'*?3% reduction suite. The reduction
started with the uncalibrated (uncal. fits) images
and a customized jwst pipeline reduction. During the
stage 1 and 2, the 1/f noise was removed at the group-
level, using the top and bottom 6 rows to measure
the count level for each column and subtracting the
median value. The dark current step was skipped, and
the jump step was performed with a rejection thresh-
old of 20. During stage 3, we then used the custom-run
pipeline 2D images after the jwst.assign_wcs
step, and performed customized cleaning of bad pix-
els, cosmic rays and hot pixels. We used cross-
correlation to measure the positional shift of the spec-
tral trace across the detector and shift-stabilized the
images with flux-conserving interpolation. This pro-
cedure has been found to reduce the amplitude of
position-dependent systematic trends'>?°. An aper-
ture size of 5.7 pixels was used to extract the spectra,
with this product used to fit the transit light curves and
extract the exoplanet spectra.

During stages 4 and 5, we fit the white light
curve using a linear baseline and a limb-darkened tran-
sit model®'. The stellar limb-darkening was modeled
with the procedures from Ref*? and a quadratic func-
tion using ExoTiC-LD¥. The values were fixed to
the best-fitting theoretical host white dwarf model val-
ues (see the ‘“White Dwarf Host Spectrum’ section
below). We measured the white light curve using the
0.55 to 3 um region, such that the planetary emission
would not bias the transit depth and resulting system
parameters. The NIRSpec PRISM spectral time series

for FIREFLy is shown in Extended Data Figure 1).
Several pre-transit exposures showed abnormally low
flux levels, which we flagged as outliers and removed
from the remaining analysis. These outliers appear
to be due to clusters of bright/hot pixels, so are
likely associated with snowball events. We fixed the
period using the results from Ref.**. The best-fit white
light curve system values are given in Extended Data
Table 1. The transmission spectral light curves used 3-
pixel binning and were fit with the same model, setting
the system parameters to be fixed to the white light
curve values.

Juniper

We also applied Juniper, a new custom pipeline
for JWST NIRSpec observations, to reduce our
WD 1856 b data. Juniper contains a wrapper for
Stages 1 and 2 of the jwst pipeline with custom
steps. We start our processing from Juniper Stage
1 with the uncal.fits files from the Mikulski
Archive for Space Telescopes (MAST). We opt to dis-
able the jwst Stage 1 jump detection step and instead
handle cosmic rays through custom procedures in later
stages. Prior to ramp fitting, group-level background
subtraction is performed using the top and bottom six
rows as the background region to reduce scatter in
the extracted light curves. We spatially filter 3 o out-
liers from this region and average along columns to
determine the background level of counts per column,
which is subtracted from the full group. We then pro-
ceed with jwst Stage 1 ramp fitting and gain scaling.
Juniper Stage 2 is a pure wrapper for jwst Stage
2; we carry out this stage with the flat field and pho-
tom steps disabled, as neither is required to measure
transit depth and we observed the former to increase
the noise in the spectral extraction.

Juniper Stage 3 performs additional cleaning at
the integration level. We first mask pixels flagged by
the jwst pipeline for data quality issues. We then
reject cosmic rays in time over two iterations, replac-
ing 6.5 ¢ outliers with the median value of the pixel
in time. Finally, a second round of background sub-
traction, using the same strategy as the group-level
background subtraction in Stage 1, is performed using
the top and bottom three rows with outliers masked at
Jo.

Stage 4 of the Juniper pipeline extracts 1D
spectra, which are subsequently binned to produce
light curves. Our aperture is centered on the bright-
est row of the trace and extends +3 pixels above



and below it. We perform optimal extraction® to
extract the 1D spectrum, taking as our extraction pro-
file the median image of the trace contained in the
aperture, normalized along columns. We sum across
all pixels from 0.552 to 3 pum to extract a broad-
band light curve; we choose not to include light
from wavelengths longer than 3 yum as this light is
strongly affected by contamination from nightside
thermal emission, which affects the determined sys-
tem parameters (e.g. semimajor axis, transit epoch,
impact parameter). We then bin every 3 pixels to
produce 137 median-normalized spectroscopic light
curves at nearly native resolution, spanning 0.552 to
5.360 pm. Our extracted broadband and spectroscopic
light curves would typically be sigma-clipped to fur-
ther remove outliers; however, this technique is prone
to clipping out the transit itself due to the short transit
duration and large transit depth. We therefore disable
this procedure and employ alternative outlier rejection
procedures in Stage 5.

Juniper Stage 5 is the final stage of the pipeline
which fits transit models to each light curve to extract
transit depth and produce a transmission spectrum.
Our fitting procedure is a two-step process combin-
ing linear and nonlinear fitting techniques, which we
use to clean outliers that sigma-clipping cannot safely
remove. We start by using a linear least-squares esti-
mator to fit a batman transit model®', applying a
quadratic limb darkening law with coefficients gener-
ated with ExoTiC-LD* using a custom white dwarf
model produced by fitting a white dwarf spectrum to
the out-of-transit flux of WD 1856 (described below).
Our model is further multiplied by a linear-in-time
trend to account for visit-long ramp effects. We then
compute the residuals of the fitted transit and system-
atics model and clip any points in the light curve that
produce 3 o outliers in the residuals. We compute the
standard deviation of the sigma-clipped residuals to
estimate the photometric uncertainty, which we sup-
ply to the next step of our fit procedure. We re-fit the
sigma-clipped light curve using Markov Chain Monte
Carlo methods®® to extract our final planet-star radius
ratio spectrum. We first fit our 0.552-3.0 um broad-
band light curve using this two-step fitting process to
determine the broadband depth, semimajor axis a/R*,
inclination ¢, mid-transit epoch t¢, and linear-in-time
systematics model parameters, from which we derive
the impact parameter b and its uncertainty. The orbit
period P was held fixed to 1.407939217 d based on
a follow-up paper studying transit timing variations
in the WD 1856+534 system®*. Our broadband light

curve analysis yielded a/R* = 339.25 + 5.92 and
b = 7.34+0.20. We then fix these values as well as t~
as determined by the broadband light curve fit for all
subsequent spectroscopic light curve fits. We fit every
spectroscopic light curve with our two-step process
to determine R,(\)/R, and the linear systematics
trend in every wavelength channel. Our broadband
light curve fit achieves residuals of 522 ppm, while our
spectroscopic fits achieve median residuals of 8153
ppm. We present our fitted system parameters (a/R.,
b, R, /R.) and broadband transit depth in Extended
Data Table 1.

Grazing Transit Spectroscopy

The unique transit geometry of the WD 1856 system
required us to develop a novel approach to express
and model transmission spectra. A transmission spec-
trum encodes the wavelength-dependent effective area
of a planet relative to its host star. Exoplanet analy-
ses typically take the spectroscopic planet-star radius
ratio from light curve fits, R,(\)/R., then express
the transmission spectrum as R,(\)?/R2. This quan-
tity is equivalent to the transit depth for a planet with
radius R, () fully occulting a non-limb-darkened star
of radius R.. However, since WD 1856 b is is 7x
larger than its white dwarf host with a grazing tran-
sit, the transmission spectrum cannot be written as
R,(\)?/R2. Indeed, WD 1856 b’s transit depth is
time-dependent throughout the transit (see'!) with a
maximum transit depth corresponding to the instant
of greatest areal overlap between the planet and its
host (Figure 1). We therefore express WD 1856 b’s
transmission spectrum as the wavelength-dependent
maximum transit depth at the time of mid-transit,
Ap/A..

We convert the spectroscopic planet-host radius
ratio into the mid-transit transit depth by calculating
the time-dependent area overlap of two discs. The
overlapping area of two circles with radii R, (rep-
resenting the planet) and R, (representing the white
dwarf), separated by a distance d, is given by:

1 1
AM@zR@+R%—§R#m@®—§ﬁ$M%)
D

d2 R2 _ R2
6 = cos™! <+p*> 2)

where

2d R,
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2d R,

Considering the time of mid-transit (when d = b R,,
where b is the transit impact parameter), we can
express the maximum transit depth as:

2 2 p2
o= cos™! <M> 3)

A, 1[(R,\? 1 L.
A= (R*> (9— 2511120) + (qi)— 25m2¢>‘|
4)
where
_ 9 -
o () -
6 = cos™! ; 5)
B (R—) |
_ 9 -
bQ _ (§p> + 1
¢ =cos™* 2—b (6)

We use Equations 4, 5, and 6 to map the spec-
troscopic radius ratio, R,/ R., and impact parameter
from each data reduction’s spectroscopic light curve
fits into the equivalent mid-transit transmission spec-
trum. We use the uncertainties Python pack-
age to propagate errors using these formulae. This
approach automatically removes offsets between the
different reductions for R, /R., since each corre-
sponding pair of R,/R, and b must yield consistent
Ap /A, to have the same transit shape (i.e. to match
Figure 1).

We show our final transmission spectra of
WD 1856 b, expressed as the mid-transit transmis-
sion spectrum (A4, /A,), in Extended Data Figure 2.
Both reductions clearly detect the strong signature
of nightside contamination (the slope to lower transit
depths at longer wavelengths) and lead to consistent
atmospheric inferences from our retrieval analysis (see
‘Atmospheric Retrieval Analysis’). We note that the
two reductions partially deviate at wavelengths longer
than 5 yum — largely due to differences in the light-
darkening treatments and uncertainties in the red edge
detector behaviour — so we restricted our atmospheric
analysis for WD 1856 b to the NIRSpec PRISM data
from 0.5-5 pm.

White Dwarf Host Spectrum

We extracted a calibrated out-of-transit NIRSpec
PRISM stellar spectrum for WD 1856 using the

FIREFLy data reduction. Starting from the cleaned
2D images, we further flat fielded, flux-calibrated, and
extracted the resulting host spectrum. The resulting
stellar spectra is shown in Extended Data Figure 3.

We determined the host white dwarf’s atmospheric
parameters by fitting the out-of-transit system flux.
We minimized the x? for a model suitable for cool
white dwarfs'# defined by three parameters: the white
dwarf’s effective temperature, Teg, its photospheric
hydrogen-to-helium abundance ratio, and the solid
angle 7TR*2 / D?2. Since the distance D is known from
the Gaia DR3 parallax, the solid angle directly con-
strains the white dwarf’s radius. The radius, in turn,
determines the white dwarf’s mass and surface grav-
ity given theoretical white dwarf structure models?’.
The best-fit solution (Extended Data Figure 3) cor-
responds to To.g = 4920K, logg = 8.05, and
Nu/Nue = 4.1. This solution yields an He line that
extends 2% below the continuum, which is consis-
tent with previously obtained optical spectroscopy'!
(not considered here in our fit). We also attempted to
fit the PRISM spectrum using pure-hydrogen models
(i.e., without considering Ny /Ny, as a free param-
eter), but the best-fit solution yields a significantly
worse fit to the PRISM data than the mixed H and
He atmosphere solution. We calculated limb darken-
ing coefficients for the best-fitting white dwarf model
(using the approach from3®), which we then fixed dur-
ing the WD 1856 b spectroscopic light curve fits for
our two data reductions.

Transmission Spectrum Modeling

The grazing transit geometry of WD 1856 b, coupled
with the clear presence of planetary nightside ther-
mal emission, requires a novel modelling approach.
The transmission spectrum for a planet with a grazing
transit and nightside thermal emission can be written
as®:

Ap(top) _/A TxdA

™ Rz 14+ Fp (night), A
F*,)x

Ay =

)
where A, (top) is the area of the planet overlapping
the star at the top of the modelled atmosphere (given
by Equation 1 with R, = R, top), T is the atmo-
spheric transmissivity (e~™, where 7, is the slant
optical depth) in the area element dA, and F}, (nigny)
and F), , are the observed fluxes from the planetary



nightside and white dwarf at Earth, respectively. We
reduce the area integral in the first term to a single
integral over the fractional annuli of the planet over-
lapping the star (i.e. dA = A, (ri, up) — Ap(7i,10w)>
where we use the radii of the upper and lower bound-
aries of each atmospheric layer in place of R, in
Equation 1). The first term in Equation 7 represents
the wavelength-dependent effective area of the frac-
tion of the planet overlapping the white dwarf, relative
to the white dwarf’s projected disk area. The second
term accounts for the ‘nightside pollution’ / dilution
of the transit depth!” due to thermal emission from the
planetary hemisphere facing the observer.

Transmission spectra of WD 1856 b can also be
expressed in terms of emergent fluxes by using the
solid angle relation between the observed flux and
the emergent (surface) flux, such that Equation 7
becomes:

Ap(top) _/A TxdA

Ay =
A 7w R?

®)
1

2
Rp, (night), A Fp (night), surf, A
Rz F*, surf, A

1+

where R, (night), » i the radius of the emitting ther-
mal photosphere on the nightside (nominally the
ToA = 2/3 pressure level, where Tu,x 1s the ver-
tical optical depth integrated downwards from the
top of the atmosphere). The planet-star surface flux
ratio featured in Equation 8 is a standard output from
radiative transfer codes used to calculate exoplanet
emission spectra. Similarly, the transmissivity, 7,
is already calculated by radiative transfer codes cal-
culating standard transmission spectra. Therefore, to
calculate transmission spectra of WD 1856 b one can
construct a model atmosphere and then calculate both
the transmissivity from the slant optical depth and the
emergent planet-host flux ratio. The observed trans-
mission spectrum then represents a product between a
grazing transit transmission spectrum and an ‘upside
down’ emission spectrum.

Atmospheric Retrieval Analysis

We infer WD 1856 b’s atmospheric properties via
the open source Bayesian atmospheric retrieval code
POSEIDON 16, We model WD 1856 b’s atmosphere

using 100 layers spaced uniformly in log-pressure
from 10~7-100bar. We assume the atmosphere is
well-mixed, with consistent atmospheric properties at
the day-night terminator and at the nightside, such
that only a single set of parameters describe the atmo-
spheric state. We fit for the planetary radius at the
10 bar pressure level and the planetary mass, while
fixing the white dwarf radius to R, = 0.0131Rsyun
and the transit impact parameter to 7.430234 (since
the impact parameter uncertainty is already marginal-
ized into the R, /R, uncertainties, it does not need
to be an independent free parameter). We include the
log;, mixing ratios of the following molecules as
free parameters: CHy, NHs, HyO, CO-, CO, HCN,
CyH,, CoHy, CoHg, HsS, and PH3. The remainder of
the atmosphere is composed of Hs and He with an
abundance ratio of He/Hs = 0.17, consistent with the
giant planets in the solar system?’, We parameterise
WD 1856 b’s temperature profile using an adapta-
tion of a prescription used for brown dwarfs*'. This
prescription retrieves the temperature at 9 pressure
nodes (spaced uniformly per decade in pressure from
10~ 6bar to 100bar) and interpolates between them
with a spline. The 9 free parameters defining this tem-
perature profile are the 100 mbar temperature and 8
AT; parameters encoding the temperature difference
between each pair of nodes. Given the low external
irradiation of WD 1856 b, we restrict AT; > 0 to
consider physically plausible profiles with tempera-
ture monotonically increasing with pressure. Finally,
we fit for a three-parameter aerosol model consist-
ing of a power law scattering slope (with exponent )
and an optically thick cloud-top pressure'>. We do not
consider inhomogenous clouds around the terminator,
since only a small fraction of WD 1856 b’s terminator
occults the white dwarf’s surface during transit.

Our retrieval model is thus defined by 25 free
parameters, which we fit using MultiNest’s*>
Python wrapper PyMultiNest* with 1,000 live points.
The priors for each parameter are summarised in
Extended data Table 2. We calculate Bayes factors
(i.e. odds ratios; I3) via Bayesian model comparisons
between nested retrieval models, with the retrieval
model statistics summarised in Extended Data Table 3.
For consistency with the exoplanet literature, we also
convert the Bayes factor between two nested models
(e.g. our reference model and a model excluding CH,)
into an ‘equivalent detection significance’, N o, using
a standard relation*®. We note, however, that there are
several caveats associated with Bayes factor to detec-
tion significance mapping, so our preferred statistic for
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model preference is the Bayes factor/odds ratio (see
Ref*7).

We calculate model transmission spectra of
WD 1856 b by solving Equation 8 on a wavelength
grid ranging from 0.5-5.6 yum at R = 20,000. We
sample high-resolution pre-computed cross sections>’
onto this wavelength grid, using the following line list
sources: CH,*, NH5* H,0°, CO5°!, CO’2, HCN>3,
C2H254, C2H455, CQHGSS, HQSSG, and PH357. We addi-
tionally include continuum opacity from Hs and He
collision-induced absorption®® and Rayleigh scatter-
ing. For the host flux, we use the best-fit white dwarf
model shown in Extended Data Figure 3. Our model
transmission spectra are finally convolved with the
NIRSpec PRISM point spread function and binned
down to the resolution of the observations to calculate
the likelihood of each location in the retrieval model
parameter space.

While Figure 3 compares several retrieved
atmospheric properties between the FIREFLy and
Juniper data reductions, we provide the full pos-
terior distributions in Extended Data Figure 4. We
find excellent agreement between FIREFLy and
Juniper for all retrieved parameters.

To interpret WD 1856 b’s thermal history, we addi-
tionally calculate posterior distributions for the plan-
etary effective temperature from our retrieval results.
We calculated the emergent planetary surface flux of
WD 1856 b for each atmosphere in the full set of pos-
terior samples from both the FIREFLy and Juniper
reductions on a wavelength grid from 1-50 pm. For
each set of atmospheric parameters, we calculate the
corresponding effective temperature using the Stefan-

1/4
Boltzmann law: T,g = ( L pr,surf,Ad/\>

0SB
Extended data Figure 5 shows our retrieved surface
flux spectrum for WD 1856 b for both data reduc-
tions and the corresponding T.g posterior distribu-
tions. Adopting the lowest 1o credible interval (from
FIREFLy) and the highest 1 o credible interval (from
Juniper), we find a range of 390—412K for Tog.
We similarly report the 1 o range encompassing both
data reductions for M, in the Main text. The ~
10K 10 uncertainty on Teg is driven by the multi-
ple CH,4 bands detected in our NIRSpec PRISM data
setting the relative amplitude of other CHy features at
longer wavelengths. However, the potential presence
of other hydrocarbons, such as CoHg, allows a larger
surface flux uncertainty where these species absorb
in the mid-infrared (e.g. 10-15 pm), which increases
the uncertainty in the integrated power and hence

Ter. Longer wavelength observations of WD 1856 b
with MIRI LRS/MRS, such as those planned in JWST
Cycle 4 (GO-9033 and GO-9157), will constrain T,g
even further.

Mie Scattering Retrievals

We have established that models including aerosol
opacity are required to explain WD 1856 b’s transmis-
sion spectrum. Specifically, our free retrieval analysis
above infers an opaque cloud deck near 100 mbar
and a haze to explain the power-law scattering slope
shortwards of 1 pum. The enhanced scattering slope
indicates a collection of small particles in the upper
atmosphere, but our parametric description is agnostic
to the specific aerosol composition. Here we con-
sider retrievals including Mie scattering to investigate
which specific aerosol species are consistent with
WD 1856 b’s transmission spectrum.

The composition of small, Mie-scattering particles
can be potentially identified via aerosol absorption
features at infrared wavelengths, while their particle
size is encoded by the scattering slope. We assess here
which aerosol species and particle sizes can explain
the observed scattering slope via retrievals including
compositionally specific Mie-scattering aerosols. We
do not test directly for specific species causing the
opaque cloud deck, as this deck is likely composed
of large particles with muted resonance features>-°.
Since such a condensate cloud deck has no spectro-
scopic features, it is not possible to determine the
composition unless condensates are lofted above the
deck and become smaller in size.

We use the Mie scattering retrieval module
and database introduced in POSEIDON v1.2%!. Our
Mie scattering retrievals use aerosol extinction cross
sections pre-computed from refractive indices. We pri-
marily consider a simple aerosol model parameterized
by the log;, mean particle size (log r,, U[-3, 1])
and aerosol log;, volume mixing ratio (log aerosol
U[-30, -1]) — representing a well-mixed aerosol uni-
formly distributed within the atmosphere. We also
tested more complex aerosol models that fit for
pressure-dependent aerosol mixing ratios, but these all
reduced to a pressure-independent model. Our Mie
retrievals use a six-parameter pressure-temperature
(P-T) profile®?. We conduct these Mie retrievals on the
FIREFLy data reduction.

We ran retrievals with a suite of aerosol species
representing three different aerosol formation regimes



that could be relevant in WD 1856 b’s upper atmo-
sphere. The first aerosol regime represents disequi-
librium hazes and soot species that can be produced
by photochemistry: titan tholins (Tholins;%*%%), car-
bon soot (C;%°), water-rich organic haze at two tem-
peratures (ExoHaze 300K, ExoHaze 400K;%®), and
hexene (CgH12:;%"). The second aerosol regime repre-
sents the myriad of sulfide and chloride clouds that
form in brown dwarfs at the T-Y transition (400—
1300 K)?’, alongside Cr: chromium (Cr; Lynch &
Hunter in®), magnesium sulfide (MnS;%°), sodium
sulfide (NayS;?7), zinc sulfide (ZnS;’°), and potassium
chloride (KCL; Palick & Addamiano in’") (ordered by
condensation temperature). The third aerosol regime
consists of condensed ices that form deep cloud decks
in solar system planets and potentially cooler Y-dwarfs
(< 400K)’>73. These ices could cause the opaque
cloud deck found in our retrievals above, which are
then lofted to higher atmospheric pressures to cause
the observed scattering slope, or they could condense
in situ in the colder upper atmosphere: water ice
(H50;*), ammonia ice (NHs;”), and methane ice
(CH4;7%) (ordered by condensation temperature).

We find that all aerosol species, with the exception
of MnS and hexene, provide good fits to the scatter-
ing slope and only imprint weak absorption features
into the transmission spectrum. Via Bayesian model
comparisons, the best-fit haze and soot species is the
water-rich organic Exohaze (the 400K variant), the
best-fit T-Y dwarf cloud species is KCl and the best-fit
ice is NHg. Of these three aerosols, KCl has the high-
est Bayesian evidence. The potential presence of KCI
would be consistent with expectations for cold T-Y
dwarf models?’, where KCIl forms the highest, low-
density cloud. However, we note that a simple gray
cloud deck + haze model (as used in the Main text) is
preferred over KCl by ~ 2. Therefore, the present
data for WD 1856 b is not sufficiently precise to iden-
tify a clear preference for which specific aerosols are
present in WD 1856 b’s atmosphere.

Our Mie scattering retrievals provide insights into
the range of particle sizes and abundances compat-
ible with WD 1856 b’s short wavelength scattering
slope (see Extended Data Figure 6). The ExoHaze
and NHj ice models favor a collection of small parti-
cles (~ 0.03 um) with low mixing ratios (~ 107%),
whereas the KCl model favors even smaller particles
(~ 0.01 um) with a higher abundance (~ 107%).
Compared with our default grey cloud deck + haze
retrieval model, we find consistent results for other
model parameters to within 1o. In particular, we

show that the retrieved planetary mass is not sensi-
tive to the assumed aerosol model. We do find ~ 1 dex
lower median CH,4 abundances for the Mie scatter-
ing retrievals, and hence a lower C/H ratio, but the
CH,4 abundance distribution is still consistent with our
results in the Main text. We note that the marginal evi-
dence of CoHg somewhat strengthens when including
Mie scattering compared to the deck + haze model
(see Extended Data Figure 6), but this molecule is not
significantly detected with the present data.

Our retrieved temperature structure from the Mie
scattering retrievals also indicates an atmosphere sig-
nificantly warmer than WD 1856 b’s equilibrium tem-
perature (Extended Data Figure 6). As with our grey
cloud and haze retrieval, we also find a temperature
of ~ 400K in the thermal photosphere near 10-
100 mbar. However, since the Mie scattering retrievals
cannot produce an optically thick cloud deck at the
pressures required to obscure thermal emission from
the deep atmosphere (~ 107! bar), the Mie retrievals
compensate by making the P-T profile essentially
isothermal in the deep atmosphere (i.e., the retrieved
P-T profile shown in Figure 2 in the Main text is
more physical). We note that our uniform aerosol Mie
scattering retrievals are incompatible with the P-T
profile used in the main text*', since a collection of
small aerosols are not able to simultaneously block
the deep adiabatic thermal flux and fit the scatter-
ing slope. The chosen P-T profile parameterisation
here®? tends to favor a nearly isothermal upper atmo-
sphere, which suffices for the exploration here of the
aerosol properties consistent with WD 1856 b’s scat-
tering slope. Future explorations of WD 1856 b’s
cloud structure and radiative properties, such as com-
posite cloud models with multiple scattering, are a
rich area to deepen our understanding of WD 1856 b’s
atmosphere.

Evolution of the WD 1856 System
Host Progenitor and White Dwarf

We examined the evolution of the progenitor star
of WD 1856 by consulting the MIST evolution-
ary models’’” for non-rotating solar-metallicity stars
in the appropriate mass range (Mprogenitor =
1.36 7029 Mg,y,). From these models, we extracted
fiducial estimates of the main sequence lifetime
(4722 Gyr) using an initial-final mass relation”® ",
the duration of the thermally pulsing AGB stage
(1.557035 Myr) and the post-AGB/pre-white-dwarf
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stage (0.03470 553 Myr). The latter is here defined as
the elapsed time between the final thermal pulse and
the cooling of the exposed core to an effective temper-
ature of 100,000 K. This yields a total system age of
9.4723 Gyr.

We calculated the cooling age of the white dwarf
host by evolving MESA white dwarf models of the
appropriate mass down to Teg = 4920K. We used
MESA 123.05.18°. This MESA release now includes
carbon—oxygen fractionation®!, which is important
here as the white dwarf is in the process of crystal-
lizing. A standard helium layer of log My./M,. =
—2 was assumed, while a relatively thin hydrogen
layer of log My /M, = —6 was used. This is much
thinner than the canonical value of log My /M, =
—4% but is motivated by the fact that the model
atmosphere analysis points to an atmosphere contain-
ing a mix of hydrogen and helium. This presumably
requires the superficial convection zone to extend just
below the hydrogen layer, thereby diluting hydrogen
with helium. From this constraint we can estimate
log My /M, = —6%. Cooling calculations were per-
formed for different carbon—oxygen core composition
profiles to account for current model uncertainties: a
standard profile predicted by stellar evolution®® and
an asteroseismologically derived stratification®* were
used. We also calculated cooling models using dif-
ferent electron thermal conductivities®>8¢ to account
for current uncertainties at the transition between the
regimes of moderate and strong degeneracy®’. From
this analysis, we find a cooling age of 5.4 £ 0.7 Gyr,
where the uncertainty includes the systematic uncer-
tainty sources listed above and a 2% uncertainty on
the star’s Teg and mass typical of white dwarfs in
this temperature range®. This cooling age is consis-
tent with estimates produced by other stellar evolution
codes®>%.

Thermal History of WD 1856 b

We reconstructed the thermal evolution of WD 1856 b
under the assumption that the planet’s cooling after
migration has been similar to the cooling undergone
by a substellar object after formation. We used cooling
models from the ATM02020%° and Sonora Bobcat”!
model grids. Each grid tabulates global quantities
such as luminosity, effective temperature, radius, and
surface gravity as a function of age for substellar
objects of a given mass and bulk chemical compo-
sition, starting from an initial condition with high

entropy. Both provide self-consistent evolutionary—
atmospheric modeling frameworks, wherein the struc-
ture and evolution of the fully convective, adiabatic
interior are computed with a cloudless, non-grey,
rainout-chemical-equilibrium atmosphere as the sur-
face boundary condition. The most important differ-
ence between ATM02020 and Sonora Bobcat is that
the former neglects some relevant opacity sources at
effective temperatures above 2000 K, leading to faster
cooling at high temperatures in the ATMO2020 mod-
els. ATMO2020 furnishes models of solar-metallicity
objects, whereas Sonora Bobcat provides models for
both solar-metallicity and somewhat metal-enriched
(IM/H] = +0.5) objects. We consider these three sets
of models in our analysis below.

Reconstructing the thermal history of WD 1856 b
requires us to choose a model grid and specify three
parameters: planetary mass (M), current planetary
effective temperature (¢ 1), and current white dwarf
cooling age (twq). For a given M, and model grid,
we obtained the effective temperature as a function of
time by adding a uniform offset (Zy) to the model age
(tp) such that the model temperature matches T |, at
tp = twa — to (using linear interpolation between the
tabulated model ages and temperatures). The cooling
models predict a high effective temperature (~ 1500—
3000K) at tg; these values are plausible for planets
that have been tidally heated during high-eccentricity
migration®>®* or have survived a common-envelope
phase®%°*. We therefore interpret ¢y as an estimate
of the time of the planet’s reheating during migration,
expressed as a white dwarf cooling age. Because cool-
ing is rapid at high Teg ;,, our estimate of ¢y is robust
to theoretical uncertainties in what temperature the
planet should be immediately after migration.

We considered cooling models with M, between
0.5 and 20 Mj, covering the range of samples from
the atmospheric retrieval posterior distributions for
the FIREFLy and Juniper JWST data reductions.
Each grid samples a finite number of mass values;
when considering objects of arbitrary mass between
grid points, we used the cooling model with the near-
est mass on the grid. Both the ATM02020 and Sonora
Bobcat models are spaced by ~0.5-1 M; in mass
over the range we consider, so our approach does not
introduce significant error in a given reconstruction
compared to interpolating between adjacent models.



We generated ensembles of possible thermal his-
tories using the mass and effective temperature con-
straints derived from the NIRSpec PRISM transmis-
sion spectrum of WD 1856 b. Specifically, we consid-
ered nearly 10,000 values of M, from the atmospheric
retrieval posterior distribution alongside the nearly
10,000 corresponding values of T.g, obtained via
the procedure described above for each data reduction
(see ‘Atmospheric Retrieval Analysis’). Our samples
of My and T.g , are not statistically independent,
since each pair of values is derived from a single
sample from the distribution of atmospheric mod-
els consistent with our NIRSpec PRISM transmission
spectrum. This has significant bearing on the range of
thermal histories we can infer from the data, because
the cooling rate is a sensitive function of mass.

On the other hand, our estimated t,q is indepen-
dent of our atmospheric retrieval analysis. For each
pair of M, and T.g ,, values, we generated 10 ran-
dom values of t,q drawn from a Gaussian distribution
with mean 5.4 Gyr and standard deviation 0.7 Gyr.
Each ensemble therefore comprises ~ 100,000 pos-
sible thermal histories consistent with WD 1856 b’s
transmission spectrum. We generated one ensemble
for each model grid. Extended Data Figure 7 shows
the distribution of calculated ¢y values for the three
cooling models and two data reductions, from which
we derive a statistical constraint on 3. The results
reported in the Main text were obtained using the
solar-metallicity Sonora Bobcat models (solid orange
and green histograms; see also Figure 4). If we
use the ATMO2020 models, we find a comparable
to = 4.3 Gyr for FIREFLy and 4.6f?:8 Gyr for
Juniper. Using the metal-enriched Sonora Bob-
cat models yields tg = 4.271} Gyr for FIREFLy
and 4.579 Gyr for Juniper. The conclusions we
draw from modeling WD 1856 b’s thermal evolution
are therefore robust to both the JWST data reduction
and the choice of cooling models, given the models
currently available.

In a small fraction of cases (< 0.15%) for each
ensemble, we calculate values tg < 0. These cor-
respond to the highest M, values sampled from the
atmospheric retrieval posterior. Negative values of ¢
arise in these cases because we have calculated ¢y by
extrapolating the cooling models back to the effective
temperatures expected among newborn brown dwarfs
of ~ 20Mj (> 2000K). However, these results are
unphysical according to the interpretation of ¢; as the
time elapsed between the end of the AGB phase and

the planet’s reheating/migration. If we stipulate that
reconstructed thermal histories be truncated for ¢ <
0, then these few cases are consistent with common-
envelope evolution in that it is possible for the planet
to have achieved its current temperature by passively
cooling since the end of the AGB phase (albeit from a
cooler, lower-entropy state than those implied in cases
with t5 > 0). The fact remains, however, that the
vast majority (> 99.85%) of cases imply ¢, values
that cannot coincide with a common-envelope phase
in all three ensembles. Thus, we conclude that reheat-
ing during the white-dwarf phase (consistent with
high-eccentricity migration) is preferred over reheat-
ing during common-envelope evolution at > 2o (for
FIREFLy) and > 3¢ (for Juniper). Further theo-
retical study is needed to corroborate or qualify this
conclusion, as we describe below.

Our method of reconstructing thermal histories
is based on backward extrapolation of the effective
temperature only. However, the cooling models also
predict the evolution of WD 1856 b’s radius; these
predictions should agree in principle. In Extended
Data Figure 8, we show the radius evolution implied
by our reconstruction method for 100 samples from
the Sonora Bobcat ensemble for both data reduc-
tions. For the observed radius, we use the best-fitting
value R, = 0.911 £ 0.020R; from the FIREFLy
reduction. We also include a systematic error of
+0.050R; given by the range of best-fitting radius
values covered by the two data reductions, for a
total uncertainty of £0.054Rj;. We see that many
of the temperature-based reconstructions overestimate
WD 1856 b’s radius by ~ 2¢. Future efforts to
understand WD 1856 b’s thermal evolution should
reproduce both the effective temperature and radius.
A clue as to the origin of this discrepancy comes from
the heavy-element enrichment of WD 1856 b’s enve-
lope, suggested by our retrieved CH4 abundance, as
planetary radius decreases with increasing metallicity
at a fixed mass and internal entropy. Model grids of
comparable quality to ATMO2020 and Sonora Bob-
cat that are applicable to objects as massive (~ 7 M y)
and metal-rich (~ 100 x solar) as WD 1856 b have not
been developed or published to our knowledge.

We note that we neglected the irradiation of
WD 1856 b by the host white dwarf in our reconstruc-
tion of the planet’s thermal history. Irradiation is a key
ingredient in modeling the structure and evolution of
short-period exoplanets around main-sequence stars,
such as hot Jupiters®°°. The importance of irradiation
in the case of WD 1856 b can be gauged by calculating



17

the ratio of the power emitted from the planet’s pho-
tosphere to the power incident on the planet from the

star: 4 9
ch'f Qorb
R=4 P 9
(Teff,*> ( R, ) ’ ®

where Tig . and Tig , are the host star and planet’s
measured effective temperatures, 1. is the host radius,
and ao,p 1S the orbital semi-major axis (assuming a
near-circular orbit). Using the system parameters as
determined in this work, we calculate R =~ 25, indi-
cating that the planet’s self-luminosity overwhelms
the power received from the star. Our reconstructed
histories generally find that this ratio was larger in
the past (except perhaps in the first several Myr after
the white dwarf formed). Thus, we argue that irradia-
tion has had a minor effect on WD 1856 b’s previous
thermal evolution. It would be of interest to self-
consistently model the evolution of a substellar body
with time-dependent irradiation, as would be the case
in proximity to a cooling white dwarf. We leave this
for future work.

Alternatives to Reheating During Migration

We considered several alternative explanations for the
elevated effective temperature of WD 1856 b, all of
which we deemed implausible or unlikely. We briefly
describe each of them here along with our reasoning.

First, WD 1856 b’s observed effective temperature
cannot be explained purely by passive cooling over the
system’s total age of ~10Gyr!. This is readily ruled
out by consulting theoretical cooling models®>°'. In
order to have an effective temperature of ~400K at
an age of 10 Gyr, WD 1856 b would need to have a
mass of ~ 24Mj. Our observations rule out such a
high mass at > 3o confidence.

WD 1856 b’s mass may be above the thresh-
old for deuterium fusion in its core (~13 Mjy) within
20. However, whilst it is possible that WD 1856 b
was once heated internally by nuclear reactions, this
cannot explain its present-day properties. Models of
deuterium-burning brown dwarfs predict a total lumi-
nosity many orders of magnitude greater than that
of WD 1856 b%’. The duration of deuterium burn-
ing (~3-50Myr depending on mass,”’) is drastically
shorter than the system’s total age, so WD 1856 b’s
primordial deuterium would have been destroyed early
in the host’s main-sequence lifetime.

Due to WD 1856 b’s proximity to its host, tidal
interactions are another possible heat source inside
the planet; this would be analogous to the heating of

the Galilean satellite To via its tidal interaction with
Jupiter®®. For tidal heating to operate, WD 1856 b’s
orbit would need to be slightly eccentric, rather than
circular as is typically assumed. Assuming that the
power dissipated by tidal friction is equal to the total
power emitted by WD 1856 b, we calculate the effec-
tive temperature of the planet, using the standard
“equilibrium tide” theory®, as:

91 G2 M3 RS 1/4
Tetp = #kQPTP’egrb

8T OSBAG,

M, R, 3/4< Gorb >f9/4
0.60Mg 0.91R, 0.02au

k2p Tp 1 €orb 1/2
><(0.40.1s> (0.02) - 10

Here, GG is the gravitational constant, ogp is the
Stefan—Boltzmann constant, M, is the host white
dwarf’s mass, R, is WD 1856 b’s radius, and aop
and e}, are the orbital semi-major axis and eccen-
tricity (with eo,, < 1). The quantities ko, and 7,
known respectively as the tidal Love number and
tidal lag-time, characterize the dissipation inside
WD 1856 b in the standard equilibrium tidal theory.
The reference values of M,, R, and a. used in
Eq. (10) match the observed system parameters. For
kop and 7, we adopt values similar to those inferred
for Jupiter’s dissipation of the tide raised by Io'%% 10!,
We see that tidal heating could, in principle, sustain
WD 1856 b’s observed effective temperature for an
orbital eccentricity of ~ 0.02 (the highly uncertain
values of ko, and 7, notwithstanding). This would be
consistent with orbital circularization in the end-stage
of high-eccentricity migration. However, the same
dissipation would damp the orbital eccentricity on
a characteristic timescale of ~0.075 Gyr®. In this
picture, we are observing WD 1856 b in the very
last, short-lived stage of high-eccentricity migration.
Although we cannot rule it out based on the available
data, we regard this explanation as unlikely.

%4OOK(
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Data Availability

The raw data from this study is available
via the Space Science Telescope Institute’s
Mikulski ~ Archive  for  Space  Telescopes
(https://archive.stsci.edu/) under program JWST-GO-
2358. The FIREFLy and Juniper transmission
spectra of WD 1856 b are available on Zenodo at
https://doi.org/10.5281/zenodo.18200586.

Code Availability

POSEIDON is available at https://github.com/
MartianColonist/POSEIDON. A Python script to
reproduce the retrieval results is available on Zenodo
at https://doi.org/10.5281/zenodo.18200586.

batman is available at https://github.com/lkreidberg/
batman.

emcee is available at https://github.com/dfm/emcee.
ExoTiC-LD is available at https://github.com/
Exo-TiC/ExoTiC-LD.

MESA is available at https://zenodo.org/records/
7983526.

FIREFLy and Juniper are not presently pub-
licly available. Requests for additional details on
FIREFLy and Juniper should be addressed to
David K. Sing and Victoria A. Boehm, respectively.
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Extended Data Fig. 1| NIRSpec PRISM light curves for WD 1856 b’s transit. The spectrophotometric transit light curves from the
FIREFLy data reduction show the relative flux of the WD 1856 system as a function of wavelength and time.
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Extended Data Fig. 2 | Comparison of transmission spectrum data reductions. a. The WD 1856 b transmission spectrum, expressed as the
ratio between the mid-transit planet area occulting the host and the host surface area (Ap/A), is shown for FIREFLy (gold circles with 1o
error bars) and Juniper (green diamonds with 1 o error bars). b. Zoom-in on shorter wavelengths.
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Extended Data Fig. 3| WD 1856 host white dwarf spectrum. a. JWST NIRSpec PRISM out-of-transit spectrum of WD 1856b (black)
compared to a best-fitting white dwarf model (red). The 1 o error bars include a minimum 2% absolute flux calibration uncertainty. b. Residuals

between the data and best-fitting model.
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Extended Data Fig. 4 | Full posterior distributions for the FIREFLy (orange) and Juniper (green) data reductions. The histograms
show the margianalised posterior probability density for each model parameter for each data reduction, with the median (solid lines) and 1 o
credible interval (dashed lines) overplotted for well-constrained parameters. Parameters without clear upper and lower limits, such as non-
detected molecules, have 2 o annotated instead (arrows). The 2D correlation panels are shaded according to the 1 o (darkest) through to the 3 o
credible region.
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Extended Data Fig. 5 | Retrieved emergent flux and effective temperature. a. WD 1856 b’s retrieved emergent surface flux for the FIREFLy
(orange curve and credible interval shading) and Juniper (green curve and credible interval shading) reductions are shown extrapolated out
to 50 pm. The integral under the curve (grey shading) is used to determine the effective temperature, Tg, corresponding to the surface flux of
each model atmosphere. b. Posterior distributions of WD 1856 b’s effective temperature for the FIREFLy and Juniper datasets, with the
1 o credible region annotated.
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Extended Data Fig. 6 | Composition-specific Mie scattering retrievals. a. Three retrieval models including Mie scattering (NHs ice, purple;
ExoHaze at 400K, green; and KCl, orange) are compared to our reference non-Mie scattering grey cloud deck+haze model (grey). All four
retrieval models produce similar fits to WD 1856 b’s transmission spectrum (F IREF Ly; orange circles with 1 o error bars). b. Corresponding
pressure-temperature profiles. The Mie scattering profiles are colder in the deeper atmosphere due to the inability of these models to produce
an optically thick deep cloud deck. ¢. Corresponding posterior distributions for key atmospheric properties.
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Extended Data Fig. 7 | The inferred time of WD 1856 b’s reheating using different cooling models. Each histogram contains ~ 100,000
possible histories generated from the same set of properties ((Mp, Tor,p, twd), the former two from the atmospheric retrieval samples) but
different cooling models (shading and hatching). The left panel corresponds to the FIREF Ly reduction, the right is for Juniper. The legend
summarises the 1 o credible region of ¢o for each cooling model. Only values of ¢y < O (shaded regions) allow for a common envelope
evolutionary phase.
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Extended Data Fig. 8 | Radius evolution of WD 1856 b. The observed radius of WD 1856 b and white dwarf cooling age (black point and
1 o error bars) and compared with the modelled radius as a function of its age for FIREFLy (orange curves) and Juniper (green curves).
The models arise from the temperature-based reconstruction of WD 1856 b’s thermal evolution.



Extended Data Table 1 | Best-fitting transit model parameters. The white light curve transit model parameters for the Juniper and
FIREFLy data reductions are compared. We note that the planet-star radius ratio (R, /R+«) and the impact parameter (b) are strongly
correlated for a grazing transit. The period is fixed for both reductions and taken from Ref.34.

Parameter Juniper FIREFLy
a/R. 339.25 +/-5.92 | 330.72 +/- 3.50
R,/R. 7.54 +/- 0.28 7.03 +/- 0.16
b 7.34 +/- 0.20 7.19 +/- 0.09
Period (days, fixed) | 1.407939217 3 | 1.407939217 *

Extended Data Table 2 | Atmospheric retrieval model parameters and priors. The free parameters defining the POSEIDON retrieval
model used in the Main text are listed. The volume mixing ratio parameters encode the chemical abundances of CH4, NH3, H20, CO2, CO,
HCN, C2Hg2, CoHy, C2Hg, H2S, and PHs. The prior for each parameter is uniformly distributed between a lower and upper limit, U (z1, z2).

Parameter Description Priors
Planetary Properties
Rp ref (RJ) Reference planet radius U4(0.8451,1.0329)
M, (M) Planetary mass 4(0.5,20.0)
P-T Profile
Tphot (K) Temperature at 0.1 bar U (100, 2000)
AT (K) Temperature change: 10~5-10° bar U(0,200)
AT; (K) Temperature change: 10~5-10~* bar U(0,200)
ATs (K) Temperature change: 10~4-1072 bar U (0,200)
ATy (K) Temperature change: 10~3-1072 bar U(0,500)
ATy (K) Temperature change: 10~2-10! bar U(0,500)
ATs (K) Temperature change: 10~1~1 bar (0, 1000)
AT; (K) Temperature change: 1-10" bar U(0,1500)
ATz (K) Temperature change: 101-102 bar 4(0,2000)
Composition
log, X; Volume mixing ratio of i*" gas U(-12,-0.3)
Aerosols
log,pa Rayleigh enhancement factor U(-4,8)
v Scattering slope Uu(-20,2)
log1(Preioud/bar) Cloud top pressure U(—-6,2)

Extended Data Table 3 | Atmospheric retrieval model statistics. Model statistics are listed for the 25-parameter reference POSEIDON
model (Ref.), alongside nested models without nightside thermal emission, without aerosols, without hydrocarbons, and without CH4 for
both the FIREFLy and Juniper data reductions. The model statistics are the number of free parameters (Nparam), the log-Bayesian
evidence (In Z), the log-Bayes factor (In B), the equivalent detection significance (Det. Sig.), the chi-squared of the best-fit spectrum (Xfmn),
the degrees of freedom (d.o.f.), and the reduced chi-squared of the best-fit spectrum (x?/y min)-

Data + Model Nparam InZ InB  DetSig. x2;, dof x2 ..
FIREFLy
Ref. 25 5952  Ref. Ref. 1053 102 1.03
No Emission 25 4493 1459 1730 3485 102 342
No Aerosols 22 5829 123 530 125.8 105 1.20
No Hydrocarbons 21 590.0 5.12 3.60 125.1 106 1.18
No CH4 24 5923 287 290 111.1 103 1.08
Juniper
Ref. 25 577.16  Ref. Ref. 130.5 102 1.28
No Emission 25 408.2  169.0 1850  415.6 102 4.07
No Aerosols 22 5627 145 570 155.1 105 1.48
No Hydrocarbons 21 568.6  8.59 4.50 151.1 106 1.43
No CH4 24 573.8  3.40 3.10 133.7 103 1.30




