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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 '3 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 ym. 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 !316 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: CHy4, 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 FIREFLY 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, 29c /
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 (2
= 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 FIREFLY and 2.2170:3% 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 FIREFLY 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 53¢ / 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 6.73% Mj for
FIREFLy and 7.8751 M; 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 400*% K for
FIREFLy and 405"7, 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 (4.27]') Gyr for FIREFLy and 4.6™(-) Gyr for
Juniper, see Figure 4, inset). More conservative 2 o
lower bounds on ¢ty imply reheating occurred at least
1.4 Gyr (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. 1j Detection of nightside thermal emission from WD 1856 b's atmosphere. a. IWST NIRSpec PRISM transit observations of the white
dwarf planet WD 1856 b integrated over two broadband wavelength regions: 0.55-1.71 m (blue data points) and 4.19-4.96 m (red data
points). The best- tting 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 errors are 5'3 frithn 0.55-1.71 m and

2:8 10 3 from 4.19-4.96 m). c. Residuals between the data and best- tting model.



Fig. 2 jAtmospheric retrieval of WD 1856 b's transmission spectrum. a. WD 1856 b's JWST NIRSpec PRISM transmission spectrum
(FIREFLy data reduction; orange circles with 1 error bars) is compared to the retrieved model spectrum (purple line and contours, showing
the median, 1 , and 2 credible intervals). Multiple absorption features fromsCifle detected, alongside nightside thermal emission, con-
tinuum aerosol opacity, and tentative evidence ogRiAd G Hs. b. Zoom-in to highlight the short-wavelength spectral features. c. Retrieved
temperature pro le (purple contours) and cloud-top pressure (grey contours) from WD 1856 b's transmission spectrum. An optically-thick
cloud deck near 100 mbar (grey hatching) blocks thermal emission from deeper layers. The top of the hatched region corresponds to the median
retrieved cloud-top pressure, whilethe 1 , and 2 credible regions appear above (horizontal grey shading). Most thermal emission arises from
the cloud-top pressure near 100 mbar (red arrows).

Fig. 3jBest- tting spectrum and atmospheric properties of WD 1856 b. a. Spectral decomposition illustrating the model components
required to explain WD 1856 b's JWST transmission spectrum (FIREFLy reduction; orange circles with 1 error bars). The best- tting
model (black curve) contains absorption from multipleffidatures (purple shading)H He continuum absorption (dark grey shading), and
tentative evidence of £Hg near 3.4 m (brown shading) and P+hear 4.3 m (orange shading). Aerosol continuum opacity (silver shading)
blocks thermal emission from the deep atmosphere in windows betwegrh@tdls, obscuring the “negative spikes' that would otherwise be
observed near 0.7 m, 2.9 m, and longwards of 4.0 m for a clear atmosphere. The best- tting model without nightside thermal emission
(blue dashed curve) cannot explain the signi cantly lower transit depths longwards of 3.5 m. b. Retrieved atmospheric properties, planetary
mass, and aerosol properties from WD 1856 b's JWST transmission spectrum for the FIREFLy (orange histograms) and Juniper (green
histograms) data reductions. The median (solid line) and 1 credible intervals for each parameter (dashed lines) are overlaid. c. Residuals
between the data and best- tting model.



Fig. 4 jEvolutionary history of WD 1856 b. a. Reconstructed thermal evolution of WD 1856 b. An ensemble of randomly drawn thermal
histories compatible with the JWST-derived constraints on WD 1856 b's mass, effective temperature, and the host white dwarf's cooling age
are shown (orange curves for the FIREFLy data, green curves for Juniper). The thermal history for an object at WD 1856 b's 0.02 au orbit
maintaining the zero-albedo equilibrium temperature is overlaid for comparison (dashed black curve). b. Inferred host cooling age at the time
of WD 1856 b's reheating during migrationg tbased on the ensemble of reconstructed thermal histories (orange and green histograms for
FIREFLy and Juniper). The median (solid line) and 1 credible interval (dashed lines) are overlaid and also plotted above panel a. Since
common-envelope evolution predictstonsistent with zero, the present-day mass and temperature favour migration billions of years after the
conclusion of the asymptotic giant branch (AGB) phase.



Methods for FIREFLy is shown in Extended Data Figure 1).

Several pre-transit exposures showed abnormally low
Data reduction ux levels, which we agged 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 xed the
period using the results from R&t. The best- t white
light curve system values are given in Extended Data
Table 1. The transmission spectral light curves used 3-
d pixel binning and were t with the same model, setting
the system parameters to be xed to the white light
curve values.

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 suf cient
out-of-transit baseline for detector settling. We use
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 tting approach used by each JUNIPer

code. We also applied Juniper, a new custom pipeline
for JWST NIRSpec observations, to reduce our
FIREFLy 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 les 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 tting, 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 Iter 3 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 tting and gain scaling.
Juniper Stage 2 is a pure wrapper for jwst Stage
2; we carry out this stage with the at eld 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 rst mask pixels agged by
the jwst pipeline for data quality issues. We then

We rst reduced the WD 1856 b data using
the Fast InfraRed Exoplanet Fitting Lyghtcurve
(FIREFLy) 132930 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 ux-conserving interpolation. This pro-
cedure has been found to reduce the amplitude of
position-dependent systematic trehts. An aper-
ture size of 5.7 pixels was used to extract the spectra
with this product used to t the transit light curves and

extract the exoplanet spectra. ) . o . .
reject cosmic rays in time over two iterations, replac-

During stages 4 and 5, we t the white light . 65 i ith th di | £ the pixel
curve using a linear baseline and a limb-darkened tran-""9 ©- outliers with the median value of the pixe

sit modef?. The stellar limb-darkening was modeled in ime. Finally, a second round of background sub-

with the procedures from R&fand a quadratic func- Lraclt(lon, U‘Z'ng bthe same sStrategi/ as th? gromgp-leyel
tion using ExoTiC-LD 23. The values were xed to ackground subtraction in Stage 1, Is performed using

the best- tting theoretical host white dwarf model val- the top and bottom three rows with outliers masked at

ues (see the "White Dwarf Host Spectrum' section
below). We measured the white light curve using the
0.55to 3 m region, such that the planetary emission
would not bias the transit depth and resulting system
parameters. The NIRSpec PRISM spectral time series

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 extractitnto curve analysis yielded a=R= 339:25 5:92 and
extract the 1D spectrum, taking as our extraction pro- b = 7:34 0:20. We then x these values as well agt

le the median image of the trace contained in the as determined by the broadband light curve t for all
aperture, normalized along columns. We sum acrosssubsequent spectroscopic light curve ts. We t every
all pixels from 0.552 to 3 m to extract a broad- spectroscopic light curve with our two-step process
band light curve; we choose not to include light to determine B()=R and the linear systematics
from wavelengths longer than 3 m as this light is trend in every wavelength channel. Our broadband
strongly affected by contamination from nightside light curve tachieves residuals of 522 ppm, while our
thermal emission, which affects the determined sys- spectroscopic ts achieve median residuals of 8153
tem parameters (e.g. semimajor axis, transit epoch,ppm. We present our tted system parameters (a=R
impact parameter). We then bin every 3 pixels to b, R,=R ) and broadband transit depth in Extended
produce 137 median-normalized spectroscopic light Data Table 1.

curves at nearly native resolution, spanning 0.552 to

5.360 m. Our extracted broadband and spectroscopic Grazing Transit Spectroscopy

light curves would typically be sigma-clipped to fur- ) ,
ther remove outliers; however, this technique is prone The unique transit geometry of the WD 1856 system

to clipping out the transit itself due to the short transit 'equired us to develop a novel approach to express
duration and large transit depth. We therefore disable 2"d model transmission spectra. A transmission spec-
this procedure and employ alternative outlier rejection UM encodes the wavelength-dependent effective area
procedures in Stage 5. of a planet relative to its host star. Exoplanet analy-
Juniper Stage 5 is the nal stage of the pipeline ses typically take the spectroscopic planet-star radius
which ts transit models to each light curve to extract a0 from light curve ts, R,()=R , then express
transit depth and produce a transmission spectrum.tN€ transmission spectrum ag® “=R°. This quan-
Our tting procedure is a two-step process combin- tity is equivalent to the_ transit de.pth for a planet with
ing linear and nonlinear tting techniques, which we radlus.F{,()fuIIy occultlng.a non-hmb-darkened_ star
use to clean outliers that sigma-clipping cannot safely ©f radius R . However, since WD 1856 b is is 7
remove. We start by using a linear least-squares esti-'2/9€r than its white dwarf host with a grazing tran-
mator to t a batman transit modet!, applying a sit, the transmission spectrum cannot be written as
! 2—_p2 ! i i
quadratic limb darkening law with coef cients gener- RP() =R°. Indeed, WD 1856 bs transit depth 'S
ated with ExoTiC-LD 3 using a custom white dwarf ~time-dependent throughout the transit (Spavith a
model produced by tting a white dwarf spectrum to Maximum transit depth corresponding to the instant

the out-of-transit ux of WD 1856 (described below). of greaFest areal overlap between the planet and its
Our model is further multiplied by a linear-in-time NSt (Figure 1). We therefore express WD 1856 b's

trend to account for visit-long ramp effects. We then transmission spectrum as the wavelength-dependent
compute the residuals of the tted transit and system- Maximum transit depth at the time of mid-transit,
atics model and clip any points in the light curve that Ap=A , )
produce 3 outliers in the residuals. We compute the Ve convert the spectroscopic planet-host radius
standard deviation of the sigma-clipped residuals to ratio .lnto the mid-transit transit depth by ca!culatlng
estimate the photometric uncertainty, which we sup- € time-dependent area overlap of two discs. The
ply to the next step of our t procedure. We re-t the ©Verlapping area of two circles with radii jR(rep-
sigma-clipped light curve using Markov Chain Monte resenting the planet) an.d F(repres_ent!ng the white
Carlo method® to extract our nal planet-star radius ~dWarf), separated by a distance d, is given by:

ratio spectrum. We rst t our 0.552-3.0 m broad-

band light curve using this two-step tting process to 5 ) 1, . 1, .
determine the broadband depth, semimajor axisg=R Ap(d)=R; +R 5Ro sin(2) >R sin(2)
inclination i, mid-transit epochd, and linear-in-time @)
systematics model parameters, from which we derive where I

the impact parameter b and its uncertainty. The orbit _ , d?*+R3 R ?

period P was held xed to 1.407939217 d based on = €os TRF, @

a follow-up paper studying transit timing variations

in the WD 1856+534 systeth Our broadband light
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!
d?+R2 R ] FIREFLy data reduction. Starting from the cleaned
2dR ®) 2D images, we further at elded, ux-calibrated, and

. . . . extracted the resulting host spectrum. The resultin
Considering the time of mid-transit (whend = bR 9 P 9

h b is th o stellar spectra is shown in Extended Data Figure 3.
where b is t e'transn |mpact parameter), we can We determined the host white dwarf's atmospheric
express the maximum transit depth as:

parameters by tting the out-of-transit system ux.
) We minimized the ? for a model suitable for cool
2 #  \white dwarfé* de ned by three parameters: the white
=p }sinz + }sinz dwarf's effective temperature,T, its photospheric
R 2 hydrogen-to-helium abundance ratio, and the solid
(4) angle R 2=D2. Since the distance D is known from
where 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-
- g %) ity given theoretical white dwarf structure mod&ls
2b &~ The best-t solution (Extended Data Figure 3) cor-
responds to &4 = 4920K, logg = 8:05, and
2 3 Ny=Npe = 4:1. This solution yields an H line that
g ©6) extends 2% below the continuum, which is consis-
tent with previously obtained optical spectroscbipy
(not considered here in our t). We also attempted to
We use Equations 4, 5, and 6 to map the spec- t the PRISM spectrum using pure-hydrogen models
troscopic radius ratio, R=R , and impact parameter (i.e., without considering N=Ny. as a free param-
from each data reduction’'s spectroscopic light curve eter), but the best-t solution yields a signi cantly
ts into the equivalent mid-transit transmission spec- worse t to the PRISM data than the mixed H and
trum. We use the uncertainties Python pack- He atmosphere solution. We calculated limb darken-
age to propagate errors using these formulae. Thising coef cients for the best- tting white dwarf model
approach automatically removes offsets between the(using the approach froif), which we then xed dur-
different reductions for R=R , since each corre- ing the WD 1856 b spectroscopic light curve ts for
sponding pair of B=R and b must yield consistent our two data reductions.
Ap=A to have the same transit shape (i.e. to match
Figure 1). Transmission Spectrum Modeling

We show our nal transmission spectra of ] )
WD 1856 b, expressed as the mid-transit transmis- | "€ grazing transit geometry of WD 1856 b, coupled

sion spectrum (A=A ), in Extended Data Figure 2. with the clear presence of planetary nightside ther-

Both reductions clearly detect the strong signature Mal emission, requires a novel modelling approach.
of nightside contamination (the slope to lower transit 1N€ transmission spectrum for a planet with a grazing

depths at longer wavelengths) and lead to consistenttransit and nightside thermal emission can be written
atmospheric inferences from our retrieval analysis (see @S -

=cos !

"Atmospheric Retrieval Analysis'). We note that the Z 0 1

two reductions partially deviate at wavelengths longer Ap (top) T dA

than 5 m — largely due to differences in the light- = Ap % 1 §
darkening treatments and uncertainties in the red edge R?2 1+ Fp (night;

detector behaviour — so we restricted our atmospheric F;

analysis for WD 1856 b to the NIRSpec PRISM data _ v
from 0.5-5 m. where A, op) is the area of the planet overlapping

the star at the top of the modelled atmosphere (given
by Equation 1 with B = Rp.0p), T is the atmo-
spheric transmissivity (e , where is the slant
We extracted a calibrated out-of-transit NIRSpec optical depth) in the area element dA, anglfgn
PRISM stellar spectrum for WD 1856 using the and F. are the observed uxes from the planetary

White Dwarf Host Spectrum



nightside and white dwarf at Earth, respectively. We using 100 layers spaced uniformly in log-pressure

reduce the area integral in the rst term to a single from 107 —100bar. We assume the atmosphere is
integral over the fractional annuli of the planet over- well-mixed, with consistent atmospheric properties at

lapping the star (i.e. dA = A(riwp) A p(fiiow ), the day-night terminator and at the nightside, such
where we use the radii of the upper and lower bound- that only a single set of parameters describe the atmo-
aries of each atmospheric layer in place of R spheric state. We t for the planetary radius at the

Equation 1). The rst term in Equation 7 represents 10bar pressure level and the planetary mass, while
the wavelength-dependent effective area of the frac- xing the white dwarf radius to R = 0:0131Rgyn

tion of the planet overlapping the white dwarf, relative and the transit impact parameter to 7:430234 (since
to the white dwarf's projected disk area. The second the impact parameter uncertainty is already marginal-

term accounts for the “nightside pollution' / dilution
of the transit deptH due to thermal emission from the
planetary hemisphere facing the observer.

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

Transmission spectra of WD 1856 b can also be free parameters: CH NH3, H,O, CG,, CO, HCN,
expressed in terms of emergent uxes by using the CyH,, C;H4, CoHg, H2S, and PH. The remainder of
solid angle relation between the observed ux and the atmosphere is composed of nd He with an
the emergent (surface) ux, such that Equation 7 abundance ratio of HeAH= 0.17, consistent with the
becomes: giant planets in the solar systéinWe parameterise
WD 1856 b's temperature pro le using an adapta-
tion of a prescription used for brown dwaftfs 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 de ning this tem-
perature pro le are the 100 mbar temperature and 8
T i parameters encoding the temperature difference
between each pair of nodes. Given the low external
irradiation of WD 1856 b, we restrict T > 0 to
consider physically plausible pro les with tempera-
ture monotonically increasing with pressure. Finally,
we t for a three-parameter aerosol model consist-

z

Ap (top) T dA

- Ap

R 2

0
% 1
p (nlght) Fp(night); surf;

I:;surf;

1
(8)

where R, higny; IS the radius of the emitting ther-
mal photosphere on the nightside (nominally the
v. = 2=3 pressure level, where,. is the ver-

tical optical depth integrated downwards from the
top of the atmosphere). The planet-star surface ux
ratio featured in Equation 8 is a standard output from

ing of a power law scattering slope (with exponent )
and an optically thick cloud-top presstiteWe do not
consider inhomogenous clouds around the terminator,

radiative transfer codes used to calculate eXOplanetsince 0n|y a small fraction of WD 1856 b's terminator

emission spectra. Similarly, the transmissivity,, T occults the white dwarf's surface during transit.
is already calculated by radiative transfer codes cal-  Qur retrieval model is thus de ned by 25 free

culating standard transmission spectra. Therefore, toparameters, which we t using MultiNest&44
calculate transmission spectra of WD 1856 b one can python wrapper PyMultiNe&t with 1,000 live points.
construct a model atmOSphere and then calculate bOthThe priors for each parameter are summarised in
the transmissivity from the slant optical depth and the Extended data Table 2. We calculate Bayes factors
emergent planet-host ux ratio. The observed trans- (j.e. odds ratios; B) via Bayesian model comparisons
mission spectrum then represents a product between &etween nested retrieval models, with the retrieval
grazing transit transmission spectrum and an "upsidemodel statistics summarised in Extended Data Table 3.
down’ emission spectrum. For consistency with the exoplanet literature, we also
convert the Bayes factor between two nested models

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

(e.g. our reference model and a model excludingCH
into an “equivalent detection signi cance’, N , using

a standard relatidf. We note, however, that there are
several caveats associated with Bayes factor to detec-
tion signi cance mapping, so our preferred statistic for
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model preference is the Bayes factor/odds ratio (seeT, . Longer wavelength observations of WD 1856 b

Ref').

We calculate model transmission spectra of
WD 1856 b by solving Equation 8 on a wavelength
grid ranging from 0.5-5.6 m at R = 20,000. We
sample high-resolution pre-computed cross sectfons
onto this wavelength grid, using the following line list
sources: Cht*8, NH34° H,0%°, CO,%1, COP2, HCN®3,
CoH,%4, CyH4%°, CoHe%%, Ho S8, and PH®7. We addi-
tionally include continuum opacity from Hand He
collision-induced absorptiéf and Rayleigh scatter-
ing. For the host ux, we use the best- t white dwarf
model shown in Extended Data Figure 3. Our model
transmission spectra are nally 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
nd 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 ux 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 m. For
each set of atmospheric parameters, we calculate th

corresponding effective temperature using the Stefan-

1=4
Boltzmann law: T = 1

SB

Fp; surf;

e

with MIRI LRS/MRS, such as those planned in JWST
Cycle 4 (GO-9033 and GO-9157), will constraip T
even further.

Mie Scattering Retrievals

We have established that models including aerosol
opacity are required to explain WD 1856 b's transmis-
sion spectrum. Speci cally, 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 m. The enhanced scattering slope
indicates a collection of small particles in the upper
atmosphere, but our parametric description is agnostic
to the specic aerosol composition. Here we con-
sider retrievals including Mie scattering to investigate
which specic aerosol species are consistent with
WD 1856 b's transmission spectrum.

The composition of small, Mie-scattering particles
can be potentially identi ed 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 speci ¢ Mie-scattering aerosols. We
do not test directly for speci c species causing the
opaque cloud deck, as this deck is likely composed
of large particles with muted resonance featt#&3
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 4.®ur

Extended data Figure 5 shows our retrieved surfaceMie scattering retrievals use aerosol extinction cross

ux spectrum for WD 1856 b for both data reduc-
tions and the corresponding. T posterior distribu-
tions. Adopting the lowest 1 credible interval (from
FIREFLy) and the highest 1 credible interval (from
Juniper), we nd a range of 390-412K for T .

We similarly report the 1 range encompassing both
data reductions for M in the Main text. The

10K 1 uncertainty on § is driven by the multi-
ple CH; bands detected in our NIRSpec PRISM data
setting the relative amplitude of other ¢ifeatures at

sections pre-computed from refractive indices. We pri-
marily consider a simple aerosol model parameterized
by the log, mean particle size (logq 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 t for
pressure-dependent aerosol mixing ratios, but these all
reduced to a pressure-independent model. Our Mie
retrievals use a six-parameter pressure-temperature

longer wavelengths. However, the potential presence (P-T) pro le®2. We conduct these Mie retrievals on the

of other hydrocarbons, such asH, allows a larger

surface ux uncertainty where these species absorb

in the mid-infrared (e.g. 10-15 m), which increases

the uncertainty in the integrated power and hence

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- show that the retrieved planetary mass is not sensi-
sphere. The rst aerosol regime represents disequi- tive to the assumed aerosol model. We do nd 1dex
librium hazes and soot species that can be producedower median Cl abundances for the Mie scatter-
by photochemistry: titan tholins (Tholirf$;%%), car- ing retrievals, and hence a lower C/H ratio, but the
bon soot (C3°), water-rich organic haze at two tem- CH, abundance distribution is still consistent with our
peratures (ExoHaze 300K, ExoHaze 40%¥; and results in the Main text. We note that the marginal evi-
hexene (GH12;5"). The second aerosol regime repre- dence of GHg somewhat strengthens when including
sents the myriad of sul de and chloride clouds that Mie scattering compared to the deck + haze model
form in brown dwarfs at the T-Y transition (400— (see Extended Data Figure 6), but this molecule is not
1300KY’, alongside Cr: chromium (Cr; Lynch & signi cantly detected with the present data.
Hunter irf®), magnesium sul de (Mn$?), sodium Our retrieved temperature structure from the Mie
sul de (Na;S?"), zinc sul de (ZnS/9), and potassium  scattering retrievals also indicates an atmosphere sig-
chloride (KCL; Palick & Addamiano ift) (ordered by ni cantly warmer than WD 1856 b's equilibrium tem-
condensation temperature). The third aerosol regimeperature (Extended Data Figure 6). As with our grey
consists of condensed ices that form deep cloud deckscloud and haze retrieval, we also nd a temperature
in solar system planets and potentially cooler Y-dwarfs of 400K in the thermal photosphere near 10—
( 400K) 7273 These ices could cause the opaque 100 mbar. However, since the Mie scattering retrievals
cloud deck found in our retrievals above, which are cannot produce an optically thick cloud deck at the
then lofted to higher atmospheric pressures to causepressures required to obscure thermal emission from
the observed scattering slope, or they could condensethe deep atmosphere ( 18° bar), the Mie retrievals
in situ in the colder upper atmosphere: water ice compensate by making the P-T prole essentially
(H,0;%), ammonia ice (NH;’®), and methane ice isothermal in the deep atmosphere (i.e., the retrieved
(CHy;"®) (ordered by condensation temperature). P-T prole shown in Figure 2 in the Main text is

We nd that all aerosol species, with the exception more physical). We note that our uniform aerosol Mie
of MnS and hexene, provide good ts to the scatter- scattering retrievals are incompatible with the P-T
ing slope and only imprint weak absorption features pro le used in the main teft, since a collection of
into the transmission spectrum. Via Bayesian model small aerosols are not able to simultaneously block
comparisons, the best- t haze and soot species is thethe deep adiabatic thermal ux and t the scatter-
water-rich organic Exohaze (the 400K variant), the ing slope. The chosen P-T prole parameterisation
best- t T-Y dwarf cloud species is KCl and the best-t  heré? tends to favor a nearly isothermal upper atmo-
ice is NH;. Of these three aerosols, KCl has the high- sphere, which suf ces for the exploration here of the
est Bayesian evidence. The potential presence of KClaerosol properties consistent with WD 1856 b's scat-
would be consistent with expectations for cold T-Y tering slope. Future explorations of WD 1856 b's
dwarf modeld’, where KCI forms the highest, low- cloud structure and radiative properties, such as com-
density cloud. However, we note that a simple gray posite cloud models with multiple scattering, are a
cloud deck + haze model (as used in the Main text) is rich area to deepen our understanding of WD 1856 b's
preferred over KCI by 2 . Therefore, the present atmosphere.
data for WD 1856 b is not suf ciently precise to iden-
tify a clear preference for which speci ¢ aerosols are Evolution of the WD 1856 System
present in WD 1856 b's atmosphere. ) )

Our Mie scattering retrievals provide insights into HOst Progenitor and White Dwarf

the range of particle sizes and abundances compatyye examined the evolution of the progenitor star
ible with WD 1856 b's short wavelength scattering of wD 1856 by consulting the MIST evolution-
slope (see Extended Data Figure 6). The ExoHaze ary modelé” for non-rotating solar-metallicity stars
and NH; ice models favor a collection of small parti- i the appropriate mass range Myenior =

cles (1 0.03 m) with low mixing ratios ( 10 **),  1:36%2° Mg,,). From these models, we extracted
whereas the KCI model favors even smaller particles gycial estimates of the main sequence lifetime
( 0.01 m) with a higher abundance ( 10°). (4%} Gyr) using an initial- nal mass relatidf 7°,

Compared with our default grey cloud deck + haze the quration of the thermally pulsing AGB stage

retrieval model, we nd consistent results for other (1:55:%25 Myr) and the post-AGB/pre-white-dwarf
model parameters to within 1 . In particular, we '
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stage (0:03%9°2 Myr). The latter is here de ned as

entropy. Both provide self-consistent evolutionary—

the elapsed time between the nal thermal pulse and atmospheric modeling frameworks, wherein the struc-

the cooling of the exposed core to an effective temper-

ature of 100,000 K. This yields a total system age of
9:4'% Gyr.

We calculated the cooling age of the white dwarf
host by evolving MESA white dwarf models of the
appropriate mass down ta. T = 4920K. We used
MESA r23.05.£°. This MESA release now includes
carbon—oxygen fractionati8h which is important
here as the white dwarf is in the process of crystal-
lizing. A standard helium layer of logM.=M =
2 was assumed, while a relatively thin hydrogen
layer of logMy=M = 6 was used. This is much
thinner than the canonical value of logMM =
4 8 put is motivated by the fact that the model

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 ATMO2020 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. ATM0O2020 furnishes models of solar-metallicity
objects, whereas Sonora Bobcat provides models for
both solar-metallicity and somewhat metal-enriched
([M=H] = +0:5) objects. We consider these three sets
of models in our analysis below.

Reconstructing the thermal history of WD 1856 b

atmosphere analysis points to an atmosphere containtequires us to choose a model grid and specify three

ing a mix of hydrogen and helium. This presumably
requires the super cial convection zone to extend just
below the hydrogen layer, thereby diluting hydrogen
with helium. From this constraint we can estimate
logMy=M = 6 8. Cooling calculations were per-
formed for different carbon—oxygen core composition
pro les to account for current model uncertainties: a
standard pro le predicted by stellar evolutfdnand

an asteroseismologically derived strati catférwere
used. We also calculated cooling models using dif-
ferent electron thermal conductivitf@s*® to account

parameters: planetary mass (M current planetary
effective temperature €T, ), and current white dwarf
cooling age (§q). For a given M, and model grid,
we obtained the effective temperature as a function of
time by adding a uniform offset {j to the model age
(tp) such that the model temperature matchgg Tat

tp =twd t o (using linear interpolation between the
tabulated model ages and temperatures). The cooling
models predict a high effective temperature ( 1500—
3000K) at ¢; these values are plausible for planets
that have been tidally heated during high-eccentricity

for current uncertainties at the transition between the migratior?” % or have survived a common-envelope

regimes of moderate and strong degenefadyrom
this analysis, we nd a cooling age of 5:4 0:7 Gyr,

phasé&®°% We therefore interprefptas an estimate
of the time of the planet's reheating during migration,

where the uncertainty includes the systematic uncer-expressed as a white dwarf cooling age. Because cool-
tainty sources listed above and a 2% uncertainty oning is rapid at high T, , our estimate ofd is robust

the star's T and mass typical of white dwarfs in
this temperature ranfé This cooling age is consis-
tent with estimates produced by other stellar evolution
code$§?8°,

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 ATMO202 and Sonora Bobct

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

to theoretical uncertainties in what temperature the
planet should be immediately after migration.

We considered cooling models with jvbetween
0.5 and 20 M, covering the range of samples from
the atmospheric retrieval posterior distributions for
the FIREFLy and Juniper JWST data reductions.
Each grid samples a nite 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 ATMO2020 and Sonora
Bobcat models are spaced by 0.5-1Min mass
over the range we consider, so our approach does not
introduce signi cant error in a given reconstruction
compared to interpolating between adjacent models.



We generated ensembles of possible thermal his-the planet's reheating/migration. If we stipulate that
tories using the mass and effective temperature con-reconstructed thermal histories be truncated §oxt
straints derived from the NIRSpec PRISM transmis- 0, then these few cases are consistent with common-
sion spectrum of WD 1856 b. Speci cally, we consid- envelope evolution in that it is possible for the planet
ered nearly 10,000 values ofMrom the atmospheric  to have achieved its current temperature by passively
retrieval posterior distribution alongside the nearly cooling since the end of the AGB phase (albeit from a
10,000 corresponding values ot} obtained via  cooler, lower-entropy state than those implied in cases
the procedure described above for each data reductiorwith tg > 0). The fact remains, however, that the
(see "Atmospheric Retrieval Analysis'). Our samples vast majority (> 99:85%) of cases imply tvalues
of M, and Te;, are not statistically independent, that cannot coincide with a common-envelope phase
since each pair of values is derived from a single in all three ensembles. Thus, we conclude that reheat-
sample from the distribution of atmospheric mod- ing during the white-dwarf phase (consistent with
els consistent with our NIRSpec PRISM transmission high-eccentricity migration) is preferred over reheat-
spectrum. This has signi cant bearing on the range of ing during common-envelope evolution at > 2 (for
thermal histories we can infer from the data, because FIREFLy) and > 3 (for Juniper). Further theo-
the cooling rate is a sensitive function of mass. retical study is needed to corroborate or qualify this

On the other hand, our estimateg; tis indepen- conclusion, as we describe below.
dent of our atmospheric retrieval analysis. For each Our method of reconstructing thermal histories
pair of My and T.,, values, we generated 10 ran- is based on backward extrapolation of the effective
dom values of 4 drawn from a Gaussian distribution temperature only. However, the cooling models also
with mean 5:4 Gyr and standard deviation 0:7 Gyr. predict the evolution of WD 1856 b's radius; these
Each ensemble therefore comprises 100,000 pos- predictions should agree in principle. In Extended
sible thermal histories consistent with WD 1856 b's Data Figure 8, we show the radius evolution implied
transmission spectrum. We generated one ensembléy our reconstruction method for 100 samples from
for each model grid. Extended Data Figure 7 shows the Sonora Bobcat ensemble for both data reduc-
the distribution of calculatedytvalues for the three tions. For the observed radius, we use the best- tting
cooling models and two data reductions, from which value R, = 0:911 0:020R ; from the FIREFLy
we derive a statistical constraint og. tThe results reduction. We also include a systematic error of
reported in the Main text were obtained using the 0:050R ; given by the range of best- tting radius
solar-metallicity Sonora Bobcat models (solid orange values covered by the two data reductions, for a
and green histograms; see also Figure 4). If we total uncertainty of 0:054R;. We see that many
use the ATM0O2020 models, we nd a comparable ofthe temperature-based reconstructions overestimate
to = 4:3%2Y Gyr for FIREFLy and 4:6)%2 Gyr for ~ WD 1856 b's radius by 2 . Future efforts to
Juniper. Using the metal-enriched Sonora Bob-  understand WD 1856 b's thermal evolution should
cat models yields¢t = 4:2"11:;10 Gyr for FIREFLy reproduce both the effective temperature and radius.
and 4;5?119 Gyr for Juniper. The conclusions we A clue as to the origin of this discrepancy comes from
draw from modeling WD 1856 b's thermal evolution the heavy-element enrichment of WD 1856 b's enve-
are therefore robust to both the JWST data reductionlope, suggested by our retrieved £dbundance, as
and the choice of cooling models, given the models planetary radius decreases with increasing metallicity
currently available. at a xed mass and internal entropy. Model grids of

In a small fraction of cases (< 0:15%) for each comparable quality to ATMO2020 and Sonora Bob-
ensemble, we calculate values & 0. These cor-  cat that are applicable to objects as massive ( M
respond to the highest Mvalues sampled from the and metal-rich ( 100 solar) as WD 1856 b have not
atmospheric retrieval posterior. Negative valuesqof t been developed or published to our knowledge.
arise in these cases because we have calculatey t We note that we neglected the irradiation of
extrapolating the cooling models back to the effective WD 1856 b by the host white dwarf in our reconstruc-
temperatures expected among newborn brown dwarfstion of the planet's thermal history. Irradiation is a key
of 20M ; (> 2000K). However, these results are ingredient in modeling the structure and evolution of
unphysical according to the interpretation gfas the ~ short-period exoplanets around main-sequence stars,
time elapsed between the end of the AGB phase andsuch as hot Jupitets 6. 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- the Galilean satellite lo via its tidal interaction with
tosphere to the power incident on the planet from the Jupitef®. For tidal heating to operate, WD 1856 b's
star: . orbit would need to be slightly eccentric, rather than
R=4 Tep orb . ©) circular as is typically assumed. Assuming that the
Te . R ' power dissipated by tidal friction is equal to the total
where T ; and Te p are the host star and p|anet‘s power emitted by WD 1856 b, we calculate the effec-
measured effective temperatures,iRthe hostradius, ~ tive temperature of the planet, using the standard
and a is the orbital semi-major axis (assuming a “equilibrium tide” theory?, as:
near-circular orbit). Using the system parameters as I

determined in this work, we calculate R 25, indi- 21 G2M 3R3 F
. . . . Tan = == p k eZ
cating that the planet's self-luminosity overwhelms 'ep 8  opal 2p pCorb
the power received from the star. Our reconstructed orb
histories generally nd that this ratio was larger in 400K M Rpb, ™ am 94
the past (except perhaps in the rst several Myr after 0:60M 0:91R, 0:02 au
the white dwarf formed). Thus, we argue that irradia- K 1=4 1o
tion has had a minor effect on WD 1856 b's previous %20 _p Corb (10)
thermal evolution. It would be of interest to self- 0:40:1s 0:02

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.

Here, G is the gravitational constantgg is the
Stefan—Boltzmann constant, Mis the host white
dwarf's mass, B is WD 1856 b's radius, andq
and g, are the orbital semi-major axis and eccen-
tricity (with eq,  1). The quantities ko, and ,
known respectively as the tidal Love number and
We considered several alternative explanations for thetidal lag-time, characterize the dissipation inside
elevated effective temperature of WD 1856 b, all of WD 1856 b in the standard equilibrium tidal theory.
which we deemed implausible or unlikely. We briey The reference values of M R, and gn, used in
describe each of them here along with our reasoning. Eq. (10) match the observed system parameters. For
First, WD 1856 b's observed effective temperature k, and ,, we adopt values similar to those inferred
cannot be explained purely by passive cooling over the for Jupiter's dissipation of the tide raised by*161°%
system's total age of 10 Gyt. This is readily ruled  We see that tidal heating could, in principle, sustain
out by consulting theoretical cooling mod@$™. In WD 1856 b's observed effective temperature for an
order to have an effective temperature of 400K at orbital eccentricity of 0:02 (the highly uncertain
an age of 10 Gyr, WD 1856 b would need to have a values of k, and , notwithstanding). This would be
mass of 24M ;. Our observations rule out such a consistent with orbital circularization in the end-stage

Alternatives to Reheating During Migration

high mass at > 3 con dence. of high-eccentricity migration. However, the same
WD 1856 b's mass may be above the thresh- dissipation would damp the orbital eccentricity on
old for deuterium fusion in its core ( 13 M) within a characteristic timescale of 0.075 G$. In this

2 . However, whilst it is possible that WD 1856 b  picture, we are observing WD 1856 b in the very
was once heated internally by nuclear reactions, thislast, short-lived stage of high-eccentricity migration.
cannot explain its present-day properties. Models of Although we cannot rule it out based on the available
deuterium-burning brown dwarfs predict a total lumi- data, we regard this explanation as unlikely.
nosity many orders of magnitude greater than that
of WD 1856 §7. The duration of deuterium burn-
ing (3-50 Myr depending on mas§)) is drastically  Extended Data Tables and Figures
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



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/Ikreidberg/
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. 1jNIRSpec PRISM light curves for WD 1856 b's transit. The spectrophotometric transit light curves from the
FIREFLy data reduction show the relative ux of the WD 1856 system as a function of wavelength and time.

Extended Data Fig. 2 j 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 géa JAs shown for FIREFLy (gold circles with 1
error bars) and Juniper (green diamonds with 1 error bars). b. Zoom-in on shorter wavelengths.
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Extended Data Fig. 3jWD 1856 host white dwarf spectrum. a. JWST NIRSpec PRISM out-of-transit spectrum of WD 1856b (black)
compared to a best- tting white dwarf model (red). The 1 error bars include a minimum 2% absolute ux calibration uncertainty. b. Residuals
between the data and best- tting model.






