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JWST has opened a new era in the study of rocky exoplanets, enabling
direct characterization of their surfaces with mid-infrared spectroscopy.
Di�erent types of rock have distinct spectral features that are diagnostic
of the chemical composition and other physical properties like surface tex-
ture. Measurements of these features can provide valuable clues about a
planet’s geologic history and interior processes. Here we report a JWST 5{
12 µm thermal emission spectrum for the rocky exoplanet LHS 3844 b. It is
best matched by a dark, low-silica surface, such as basalt or other olivine-
rich materials. The spectrum rules out fresh powder surfaces; however,
space weathering can darken the powders and make them more consistent
with the data. The data also disfavor trace concentrations of CO2 or SO2

gas (with 5� and 3� upper limits of 100 mbar and 10 µbar, respectively).
Taken together, these results are well �t by an old, space-weathered surface
with no evidence of accumulated volcanic gases.

1 Main

1.1 Introduction

Since the launch of JWST, thermal emission spectra have been measured for several
rocky planets smaller than 1.5 Earth radii where the temperature at the substellar
point is expected to be lower than the melting point of ultramafic rocky materials
(� 1500 K) (see Ref. [1, 2]). The dayside temperatures for most of these planets are
close to the theoretical maximum, indicating poor day-night heat redistribution [2].
While possible atmosphere scenarios are still being explored for individual planets,
the overall ensemble of data suggests low surface pressures (. 10 bar), with most
planets consistent with no heat redistribution at all (and thus likely no atmosphere)
[1]. For these cases, it is possible to observe the surface directly and characterize its
composition [3].

The hot (Teq = 805 K), small (1.3 R�) exoplanet LHS 3844 b [4] is one of
the strongest candidates for an atmosphere-free rocky planet. Previous Spitzer data
revealed a deep secondary eclipse and a phase curve with no measurable nightside
flux or phase offset in the 4–5 µm range [5]. The results were fit well with a bare rock
surface model with a low albedo, potentially basaltic or ultramafic in composition.
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Fig. 1 Phase folded JWST MIRI/LRS white light curve of LHS 3844 b. a, The white
light curve covers wavelengths from 5.060 to 12.368 µm and combines the data from all three JWST
observations. We measure a final eclipse depth of 696 � 18 ppm, resulting in a 39� detection of the
planet’s eclipse. We show 100 random draws from the SZ reduction posterior of the astrophysical
model, which consists of a planetary eclipse and a phase curve, in red, while the observed data are
plotted in grey. The binned observations are also shown, with each bin containing approximately 100
integrations when all three observations contribute to the phase bin. b, Residuals from the best-fit
model. The error bars correspond to 1� and are smaller than the marker for most bins.

However, one broad wavelength band was not sufficient to constrain the full diversity
of possible rocky surfaces [6, 7].

In this work, we observed LHS 3844 b using JWST (GO program #1846; PI Laura
Kreidberg, co-PI Renyu Hu) with the goal of measuring the planet’s permanent dayside
emission spectrum from 5–12 µm to better determine the surface properties. Of all
transiting rocky planets, LHS 3844 b has the highest expected signal-to-noise ratio for
thermal emission spectroscopy, making it an ideal target for surface characterization.
We observed three eclipses of the planet by its M5 host star using JWST’s MIRI/LRS.
Each observation spanned 2.58 hours, using an identical setup (see “JWST MIRI/LRS
Observations” in Methods).

1.2 Results

We performed two reductions of the data using the open-source pipeline Eureka! [8].
The two reductions were carried out blindly with respect to each other and differed
in the settings assumed during various stages of the pipeline. We first fit the planet’s
white light curve (5.060–12.368 µm) alongside five available TESS sectors of the star
to refine the planet’s ephemeris and other planetary parameters. Our best-fit phase-
folded white light curve is shown in Figure 1. We find a white light curve eclipse depth
of fp=fs = 696�18 ppm. As a first step in assessing the surface properties, we converted
the eclipse depth to an observed brightness temperature of Tobs = 985+16

�17 K, which is
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consistent (within 1.3�) with the Spitzer value of T = 1040 � 40 K reported by Ref.
[5]. We then compared our observed temperature to the maximum value expected for

a bare rock planet without heat redistribution, Tmax = Teff=
p
a=rs

�
2
3

�1=4
, where Teff

is the stellar effective temperature and a=rs is the semi-major axis to star radius ratio.
We obtained a brightness temperature ratio R = 0:93+0:04

�0:05 (see “Planetary albedo
and brightness temperature ratio” in Methods). Due to the limited phase coverage
of the planet, we cannot constrain the phase curve amplitude. We fixed it to the
eclipse depth, consistent with the findings from the Spitzer observations. In addition,
by analyzing the transits observed by TESS and the eclipses observed by JWST, we
placed upper limits on the eccentricity of e < 0:017 (2�) and e < 0:039 (3�) and find
that the planet’s orbit is consistent with circular.

We then derived the planet’s thermal emission spectrum by separating the white
light curves from each observation into 12 spectroscopic bins from 5.060–12.368 µm,
each with the same full width of 0.609 µm. We fit for one eclipse depth across all
three observations and then calculated an average between the two independent data
reductions, following the approach from previous works [9, 10]. The two reductions
agree well within 1�, introducing negligible additional systematic error relative to the
photon noise (see “Final combined planetary spectrum” in Methods). To calculate
the absolute planet flux in each spectral bin, we used the flux-calibrated stellar spec-
trum from the MIRI/LRS in-eclipse data and from Spitzer. This avoids biases in the
results from systematic errors in stellar models [11]. See “Data Reduction” and “Data
Analysis” in the Methods section for further details of the reductions and light curve
fits.

The joint JWST and Spitzer spectrum is well-fit by a blackbody with a tem-
perature of 1000+15

�14 K, with no significant spectral features. From this, we obtain a

brightness temperature ratio R = 0:96+0:03
�0:04. This value is close to R = 1 and, there-

fore, indicative of a low Bond albedo, which we calculate at AB = 0:14+0:13
�0:14, assuming

no heat redistribution. To interpret which surfaces could produce such a spectrum,
we compared the data to several suites of rocky surface models, starting with a newly
published spectral library by Ref. [12], which includes a broader range of compositions
than earlier datasets [3], as well as three distinct surface textures (solid slabs, coarsely
crushed materials, and fine powders). Figure 2 shows a selection of the slab surface
models from Ref. [12]. We show the overall best-fit surface from the entire database,
olivine clinopyroxenite (sample EG-19-63 from Ref. [12]), an ultramafic rock, which
is consistent with the data at the � 1:0� level. Mafic surfaces, such as a basalt sam-
ple from the 1919 Kilauea flow, also fit the data well (� 1:5�). For comparison, we
also show the worst-fitting model, a light-colored granite (“the orlando gold” granite
sample in Ref. [12]), which is ruled out at the � 8:9� level.

To systematically explore the suite of models from Ref. [12], we sort them by
surface texture and SiO2 content. The goodness of fit across this parameter space is
shown in Figure 3. We find that the slab-textured surfaces fit the data best (generally
consistent to within 2�). Crushed surfaces have a marginally worse fit due to their
higher reflectivity, but are still broadly consistent with the data. Powders, on the
other hand, have the highest reflectivity and yield cooler surfaces than we observe,
due to increased multiple scattering with decreasing grain size [12]. All powders but
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Fig. 2 The measured planet-to-star 
ux ratio as a function of wavelength compared to
a range of solid slab surfaces. The observations were taken using Spitzer (blue square-shaped
marker) and JWST (red circle-shaped markers). The error bars on the data are 1�. A selection of
models, taken from Ref. [12], represent solid slab surfaces with varying compositions. Solid orange
line: an ultramafic, olivine clinopyroxenite EG-19-63 sample (� 47 wt% SiO2) recovered from Emi-
grant Gap, California, USA, which shows good agreement with the observations. Dashed blue line: a
mafic, basaltic sample from the 1919 Kilauea eruption in Hawaii, USA (� 51 wt% SiO2) that is also
consistent with the data. Dashed, dotted green line: a felsic sample representing the highest SiO2

content model (� 73 wt% SiO2) published in Ref. [12]. The legend lists the rejection significances of
these models. With a solid black line, we also show a 1000 K black body curve for the planet, which
is the best fit value using the combined Spitzer and JWST dataset.

hematite are ruled out at > 3�. In addition to the powders, we also rule out the surface
with the highest SiO2 content, the orlando gold granite slab. This rock has a strong
Si-O stretching feature between 8 and 10 µm that is not seen in our data (see Fig.
2). This result is consistent with expectations, as water, which is a key factor in the
widespread formation of granite, is highly unlikely on a hot, bare-rock planet like LHS
3844 b [13]. In the Solar System, granite is abundant only on Earth. This highlights
the planet’s unique crustal composition resulting from geological processes such as
heating and partial melting, driven by plate tectonics and the incorporation of water
[3, 12, 14–16]. Although abundant granite is usually taken to be a proxy for water,
other high-SiO2 rocks can be formed without requiring liquid water. Such compositions
can also arise from processes like remelting of thick basaltic crusts [17, 18], and this
has been hypothesized to occur on Venus. Our spectrum indicates that such processes
(to be tested by upcoming Venus exploration missions such as VEM on VERITAS
and VenSpec-M on EnVision, see Ref. [19] and references therein) do not set the
composition of LHS 3844 b’s dayside.
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Fig. 3 Comparison between the measured emission spectrum and a wide range of surface
compositions and textures. The models in this �gure were published in Ref. [12]. The materials
are ordered from top to bottom by increasing SiO 2 content. Each column represents a di�erent surface
texture: solid slabs (left), coarsely crushed (middle), and powdered (right). The number in each grid
cell indicates the di�erence between the measured spectrum (Spitzer and JWST) and the model
prediction for a given material and texture, expressed in terms of �. Therefore, a higher number
corresponds to a greater disagreement between the model and observation. There were no slab samples
available for hematite and dunite xenolith in Ref. [12].

While all fresh powders, except the hematite, are ruled out, it is possible that
darkening agents that have been observed in the solar system, such as space-
weathering{induced nanometer-sized iron particles (npFe) or elemental carbon, could
lower re
ectance and increase emission and bring them into closer agreement with
the data (see Section \Bare rock surfaces | darkening agents and space weathering"
in Methods). Iron particles of several to hundreds of nanometers in size produced by
micrometeorite impacts and solar wind irradiation, is the principal darkening agent
on the Moon and has been inferred on Mercury and other airless bodies [20{23]. For
a short-period planet such as LHS 3844 b (orbital period � 11 h), weathering-induced
darkening is expected to occur within 102{103 years [7, 10].

We assess the impact of npFe using the powder spectra of Ref. [3] and the weath-
ering parameterization of Ref. [7], with volume fractions of 0.1{0.5% consistent with
lunar soils [22, 24], and an extreme upper bound of 5%, equivalent to the total iron
content of Earth's crust redistributed in form of npFe to the surface [25]. In the spec-
tral range of MIRI, it is a reasonable approximation to use only the smallest size
fraction of iron, as it only a�ects the spectral brightness and not the slope. For carbon,
we test fractions up to 5%, matching the darkest regions of Mercury [26].
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The overall e�ect of the weathering is to darken surfaces, causing higher bright-
ness temperatures in the wavelengths covered by MIRI/LRS. We �nd that lunar-like
weathering can su�ciently darken the surfaces to make them consistent with our mea-
surements; for example, basalt with 0.5% npFe agrees with the data at 1.9� compared
to 2.5� without any weathering. However, we �nd the large Si-O features from gran-
itoid surfaces are still ruled out at 5.1� even under the most extreme weathering
scenario (5% npFe). Thus, we conclude that granite surfaces can be excluded for LHS
3844 b even if they have been severely space-weathered (see \Bare rock surfaces |
darkening agents and space weathering" in Methods).

Finally, we consider the possibility of a tenuous atmosphere. The proximity of LHS
3844 b to its host star leads to extreme stellar irradiation received by the planet, mak-
ing a stable, thick atmosphere unlikely due to rapid atmospheric escape [27]. Based
on Spitzer observations, Ref. [5] ruled out atmospheres with surface pressures greater
than 10 bar, regardless of the atmosphere's composition. However, recent models also
suggest that N2/O 2-rich atmospheres could survive intense XUV 
ux [28, 29]. In addi-
tion, transient outgassing events might still generate thin, detectable atmospheres.
JWST's MIRI/LRS is sensitive to key volcanic gases like SO2, which is a promising
tracer due to its strong spectral features in the near infrared wavelengths, particu-
larly between 7{8 µm [6, 30, 31]. SO2 is, however, chemically short-lived in terrestrial
exoplanet atmospheres. Therefore, requiring a substantial, and/or continuous surface
outgassing rate to maintain a detectable level of SO2 in the atmosphere [30, 32]. Here,
we perform grid forward modeling of potential atmospheric scenarios for LHS 3844 b
using the radiative-convective equilibrium code HELIOS 3.0 [6, 33, 34]. We focus on
two scenarios indicative of recent outgassing events; trace SO2 with a CO2-dominated
background and trace SO2 with an O2-dominated background.

As shown in Figure 4, by combining Spitzer and JWST observations, we rule out
atmospheres with surface pressures � 1 bar, regardless of composition (speci�cally,
surface pressures of � 100 mbar for CO2-dominated atmospheres at 5� and � 1 bar
for O2-dominated atmospheres at 4�). Due to the pronounced SO2 absorption, we
further rule out SO2 partial pressures of � 10 µbar for both CO 2 and O2 dominated
atmospheres at 3� (� 100 µbar at 8�). An important caveat for these atmosphere
results is the assumption of radiative-convective equilibrium and no clouds. Changes
in the temperature structure, for example, due to aerosol radiative feedback, could
a�ect the amplitude of spectral features [e.g., 15, 35]. We leave a detailed exploration
of these e�ects to future work.

To put these atmospheric constraints in context, we compare them to known SO2
concentrations in the solar system for Earth, Venus, and Io. For all these bodies, SO2
points towards current or past volcanic activity.

With our data, we can rule out (> 12�) Venus-like SO 2 concentrations, i.e., a
CO2 dominated atmosphere with a surface pressure of 92 bar and SO2 abundances
of about � 180 ppm [36{40]. The Earth has low SO 2 abundances in the order of
10 ppt (0.00001 ppm) with 1 bar of surface pressure [41{43]. This low abundance is
due to the Earth's oceans acting as a sink for SO2, preventing the accumulation of
this volcanic gas, as in the case of Venus [44]. For an Io-like case, a locally variable
SO2 dominated atmosphere with surface pressures around a few nanobar [45{48], the
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surface pressures and abundances of SO2 are too low to create signi�cant features
in the emission spectrum of LHS 3844 b to be detectable by JWST [49]. For our
observations, even if the surface pressure is as low as 0.1 mbar, we can rule out (> 3�)
SO2 contents of 10% in the atmosphere regardless of the background gas. We can
therefore disfavor accumulated volcanic gases for LHS 3844 b. These observations will
enable future studies to better constrain the amount of outgassing for the planet,
given the observed lack of spectral planetary features. We, however, emphasize that
the spectral consistency of slab surfaces might also be consistent with ongoing volcanic
resurfacing if any outgassed volatiles, such as SO2 or CO2, would quickly collapse into
cold traps on the planet's nightside [50].

1.3 Discussion

Many rocks have spectral features in the 8{12 µm wavelength range, including the
Christiansen feature and the Restrahlen bands, which are sensitive to the chemical
composition, crystal structure, and grain size. To explore which rock compositions �t
this part of the spectrum best, we compare our data with models from the RELAB
spectral database1. We identify a qualitatively similar spectrum (i.e., an Si-O stretch-
ing feature between 8{12 µm, leading to an apparent dip around 11 µm) among
multiple olivine-rich surfaces, including fayalite (0:6�, Sample ID: DD-MDD-101)
and an olivine-rich lunar basalt sample (1:0�, Sample ID: LR-CMP-169) (see \Bare
rock surfaces | RELAB comparison" in Methods). The slight preference for olivine-
clinopyroxenite over the Kilauea 1919 
ow surface shown in Figure 2, based on models
from Ref. [12], is driven by the higher amounts of olivine in the olivine-clinopyroxenite
model, leading to a better agreement between the olivine-rich surface and the data.
If subsequent observations con�rm the presence of an Si-O stretching feature between
8{12 µm with the same shape as tentatively appears in our data, it would therefore
likely indicate an olivine-dominated mineralogy on the planetary surface. This can be
tested with the higher precision spectrum expected from JWST GO 7953 (PI: Kim-
berly Paragas; [51]), which will observe an additional 8 MIRI/LRS eclipses and a
NIRSpec G395H eclipse.

Taken together, this suite of model comparison points towards two possible expla-
nations for the very dark and featureless surface observed for LHS 3844 b. One is a fresh
slab, formed recently, without time for micrometeorite impacts to pulverize the rock.
However, such a young surface would suggest ongoing geologic activity, and we �nd
no evidence for CO2 and SO2, both expected products of volcanic outgassing. Alter-
natively, we also �nd good �ts to the data for an old, powdery, and space-weathered
surface, much like Earth's moon. Again, additional observations of LHS 3844 b will help
distinguish between these possibilities: a thermal phase curve was recently observed
(JWST Program GO 4008, PI: Sebastian Zieba; [52]), designed to measure thermal
beaming e�ects, similar to those seen for Solar System asteroids or other airless bod-
ies. These data will distinguish between a young, smooth surface texture and an old,
rough one.

1 https://sites.brown.edu/relab/relab-spectral-database/
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Fig. 4 A comparison between the observations and a range of atmospheric models for
LHS 3844 b. The observations were taken using Spitzer (blue square-shaped marker) and JWST
(red circle-shaped markers). We consider two di�erent background gases: CO 2 (panels a, c, and e),
which has strong features in the infrared, and O 2 (panels b, d, and f ), which is generally featureless
in the observed wavelength range. We show a selection of di�erent surface pressures (1 mbar, panels a
and b; 100 mbar, panels c and d) and SO 2 abundances (10 ppm, dashed lines; 1,000 ppm, solid lines).
The bottom row (panels e and f ) shows the goodness of �t for the full grid of surface pressures and
SO2 content we considered. As in Fig. 3, the number in each grid cell indicates the di�erence between
the data and the model in units of �. For CO 2 -dominated atmospheres, we exclude surface pressures
� 100 mbar at a 5� level. In both CO 2 and O2 -dominated atmospheres, SO 2 partial pressures �
10 µbar are also ruled out (3�).
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Methods

Observations

This work uses data collected by the Transiting Exoplanet Survey Satellite [TESS;
53], the James Webb Space Telescope [JWST; 54], and the Spitzer Space Telescope
[55]. For the TESS and JWST observations, we perform a data reduction and analysis
that is outlined below. For the Spitzer observations, we use the reported planet-to-star

ux value reported in Ref. [5], but we do not include the actual Spitzer time series
observations in any of the white or spectroscopic �ts.

TESS Observations

To improve constraints on planetary parameters such as the orbital period and poten-
tially the orbital eccentricity, we used data from the Transiting Exoplanet Survey
Satellite (TESS). LHS 3844 (TIC 410153553, T = 11.9 mag) was observed over 5
sectors in August 2018, July 2020, August 2020, July 2023, and August 2023. Table
1 lists a summary of the observation dates as accessed from the TESS data release
notes2. The discovery of LHS 3844 b was �rst reported by Ref. [4] using data from
TESS Sector 1. Additional ground-based photometry from MEarth South, El Sauce
Observatory, and the Cerro Tololo International Observatory (CTIO) at Las Cumbres
Observatory was used in the discovery paper to con�rm the planetary nature of LHS
3844 b. However, in this study, we exclusively use the TESS and JWST observations.
For Sector 1, TESS data were collected at a 2-minute cadence, while for all other sec-
tors in this study, observations were taken at a 20-second cadence. The light curves
were processed by the Science Processing Operations Center [SPOC; 56] and made
publicly available via the Mikulski Archive for Space Telescopes (MAST). We retrieved
the data from all �ve sectors using the open-source Python package lightkurve [57].
Both simple aperture photometry (SAP) and systematics-corrected Presearch Data
Conditioning SAP (PDCSAP) light curves [58{60] are available. Following Ref. [4], we
use PDCSAP data for the remainder of this work.

Table 1 Summary of the TESS observations of LHS 3844 b.

Sector 1 27 28 67 68

start (UTC)
2018-07-25

19:00:27

2020-07-05

18:31:16

2020-07-31

08:15:15

2023-07-01

03:14:33

2023-07-29

02:30:32

end (UTC)
2018-08-22

16:14:51

2020-07-30

03:21:15

2020-08-25

14:17:14

2023-07-28

21:26:32

2023-08-25

15:16:31

cadence (sec) 120 20 20 20 20

N transits 57 49 46 39 44

2 https://archive.stsci.edu/tess/tess drn.html
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JWST MIRI/LRS Observations

The JWST observations used in this work were conducted as part of GO program
#1846 (PI: Laura Kreidberg, co-PI: Renyu Hu) titled \A Search for Signatures of Vol-
canism and Geodynamics on the Hot Rocky Exoplanet LHS 3844 b" [61]. The program
consisted of three eclipses of the planet LHS 3844 b, with the MIRI Low Resolution
Spectroscopy (LRS) time-series observation mode on JWST [62]. This instrument pro-
vides coverage of wavelengths from approximately 5 to 12 µm with a resolving power of
R� 100. The observations employed the SLITLESSPRISM subarray and the FASTR1
readout pattern. Each of the three observations spanned 2.58 hours and followed an
identical setup, consisting of 1887 integrations with 30 groups per integration. A group
is a non-destructive read of the detector, and an integration is a set of such groups.
Table 2 lists a summary of each observation. The �rst observation (#1) on June 18,
2023 and the third observation (#3) on May 4, 2024, were successfully completed.
However, the second observation (#2) on August 18, 2023, failed due to a guide-
star acquisition issue caused by a masked hot pixel at the guide-star location on the
camera. A di�erent guide star was used for the repeat observation on September 30,
2023 (#102), which was successfully executed. Notably, no high-gain antenna (HGA)
movements occurred during any of the three observations.

Table 2 Summary of the observations in JWST program GO 1846.
We do not list any information on the failed observation #2, which occurred
on 28. August 2023. The repeat observation is listed as #102.

observation #1 observation #102 observation #3

date 19. Jun. 2023 30. Sep. 2023 4. May. 2024

start time (UTC) 03:29:45 09:18:59 00:29:32

end time (UTC) 06:04:49 11:54:02 03:04:35

duration (hours) 2.58 2.58 2.58

Nint 1887 1887 1887

Ngroups/int 30 30 30

Data Reduction

For this work, we performed a data reduction of the TESS observations and two
independent data reductions of the JWST data using Eureka! to determine whether
varying reduction methods in
uence the �nal emission spectra of the planet. These
reductions, referred to as Reduction SZ and Reduction ABA, are described below,
with a summary in Table 3.

TESS Data Reduction

For the reduction of the TESS data, we followed a similar approach to that described
in the LHS 3844 b discovery paper by Ref. [4]. Since LHS 3844 b was one of the �rst
planets detected by the TESS mission, the discovery paper only used data collected
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during TESS Sector 1. However, in the meantime, LHS 3844 has been reobserved in
four additional sectors. Here we apply the same reduction procedure to all �ve sectors.
First, we remove all data points with nonzero quality 
ag values, which typically mark
anomalous events. In our case, the majority of the removed data were a�ected by
scattered light from Earth or the Moon. We then iteratively clip outliers greater than
3� relative to the median 
ux, while masking transits and eclipses of LHS 3844 b based
on the literature ephemeris. Approximately 0.3% of the data were excluded in this
step. Following Ref. [63], we then �t a cubic spline with breakpoints every 1.5 days to
the light curve, excluding transits and eclipses, to mitigate any remaining systematics
or stellar variability. The spline is then interpolated for the points during transits and
eclipses and divided out from the full light curve. We �t all the TESS data together
using a constant baseline and a batman transit model to derive a signi�cantly improved
ephemeris (see Fig. 5).

Fig. 5 TESS light curves of LHS 3844. a{e, The raw PDCSAP TESS light curves with a spline
�t (solid blue line) modeling any stellar variability or instrumental systematics. f{j, The �nal light
curves after dividing the observations by the spline �t. The best-�tting batman transit model for each
sector is shown in red. Some transits were not observed within the sector start and end times due to
gaps in the data caused by the regular TESS data downlinks or scattered light contamination. The
scatter in Sector 1 (panel a and f ) is lower due to the longer 2-minute exposure time compared to
the 20-second exposures in the other sectors.

JWST Data Reduction SZ

This primary data reduction used the publicly accessible end-to-end pipeline Eureka!
to process the uncal.fits �les obtained from MAST into white and spectroscopic
light curves. For that, we used Eureka! version 1.1.2.dev175+gf23df3a7, jwst pack-
age version 1.15.1, and CRDS version 11.18.4 with the CRDS context pmap 1303.
The uncalibrated data were processed using software version 20243a, with each obser-
vation split into three segments. In Table 3, we summarize the settings used for all
stages of our reduction. In Stages 1 and 2 of Eureka!, which convert the uncalibrated
data uncal.fits into count rate frames rateints.fits and then the calibrated data
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Fig. 6 2D light curves of the JWST observations. The plots are based on the SZ Eureka!
reduction for the three JWST observations of LHS 3844 b after completing Stage 3 of the pipeline.
Each row in the 2D light curves corresponds to an integration, and each column to a wavelength. The
integration number increases upward to a maximum of 1887 for all observations. The wavelengths
range from 5.060 to 12.368 µm. The eclipse itself is marginally visible in this raw data, noticeable by
the reduced 
ux observed at the times of eclipse. We marked the times of ingress and egress using
red arrows for each observation.

products calint.fits, we retained the default settings with the following exceptions:
skip firstframe and skip lastframe were set to True, and the jump thresholds
were set to 6�, 5�, and 7� for the three observations, respectively. These settings
and thresholds were chosen to minimize the median absolute deviation (MAD) of the
white light curves in Stage 4, after testing thresholds ranging from 4� to 20�. We only
found marginal di�erences when including a correction for the 390Hz noise. We did
include the correction (i.e., skip emicorr = False) when it reduced the �nal MAD
for the respective observation in Stage 4, which was the case in observation #1 and
#102. To enhance uncertainty estimation in Stage 3, we skipped photometric cali-
bration in Stage 2 (skip photom = True). For absolute stellar 
ux spectra, however,
this parameter was set to False (see \Absolute Stellar Flux Observation" in Meth-
ods). In Stage 3, Eureka! performed optimal spectral extraction following the method
described in Ref. [64]. The 2D spectra were �rst rotated to align rows with the dis-
persion direction and columns with the spatial direction. Pixels 
agged in the DQ
array were masked, and for background subtraction, we �t and subtracted a constant
value from each column. To minimize the MAD, we selected a half-width target aper-
ture of spec hw = 4 and a half-width background aperture of bwhw = 12 relative to
the source position. We used a 5� threshold for outlier rejection during background
subtraction (p3thresh) and 4� threshold for time-axis outlier rejection, which was
performed twice (bg thresh). Finally, in Stage 4 of Eureka!, we clipped data points
deviating by more than 4� from a binned version of the data, using a box car �lter
with a width of 20 integrations. This procedure resulted in the removal of only a small
number of data points compared to the total of 1887 integrations per visit, speci�cally,
1, 3, and 5 data points for the white light curves of the three observations, respec-
tively. After completing Stage 4, we obtained the 2D light curves for each of the three
observations (see Fig. 6).
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Table 3 Summary of the data reductions. Settings listed in round brackets
specify the setup for the respective observations in the following order:
(observation #1, observation #102, observation #3). We refer to the text and
the documentation of Eureka! for the description of these parameters.

SZ reduction ABA reduction

Stage 1

DP software 2024 3a (2023 1a, 2023 4a, 2023 2a)

jump rejection threshold (6,5,7) (7,7,7)

skip emicorr (False, False, True) True

skip �rstframe True False

skip lastframe True False

Stage 2

skip photom True True

Stage 3

ywindow [109, 389] [109, 388]

xwindow [13, 64] [11, 62]

bg thresh [4,4] [np.inf,np.inf]

spec hw 4 3

bg hw 12 12

bg deg 0 0

bg method std std

p3thresh 5 5

p5thresh 14 10

p7thresh 14 10

�ttype meddata meddata

median thresh 5 7

window len 3 5

JWST Data Reduction ABA

We performed an additional reduction of the data using version 0.10 of
the Eureka! pipeline [8]. We started from the uncalibrated raw data �les
(uncal.fits) and ran Stage 1 of Eureka! with the default parameters, except for
jump rejection threshold, which we set to 7�. We furthermore set skip emicorr
to True and did not skip the firstframe and lastframe steps. The firstframe and
lastframe steps 
ag the �rst and last groups in each integration as bad, excluding
them from all subsequent steps. In Stage 2, we skipped the photometric calibration
and ran all other steps as default. In Stage 3, we removed rows (here de�ned as those
that align with the dispersion direction) and columns outside the 11{62 and 109{388,
respectively, where the signal from the target is negligible. We masked those pixels
with odd DQ values, and we recorded the spatial position of the trace on the detec-
tor by �tting a Gaussian function to each detector column. We assumed a gain of 3.1
electrons/data number [65] and performed column-by-column background subtraction
using the mean value of pixels at least 12 rows away from the source, with a 5� thresh-
old for outlier rejection. We performed optimal extraction on a region centered on the
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trace and with a half-width of 3 pixels. After generating the spectroscopic light curves,
we masked values more than 4� away from the rolling median of a 20-integrations-wide
box-car �lter. Finally, we trimmed the initial 150 data points from all light curves,
which were the integrations most a�ected by the detector's exponential ramp.

Data Analysis

In the following, we analyze the TESS and JWST observations. For the JWST data,
we analyze each reduction individually, producing both white light and spectroscopic
light curves. For a better comparison of the emission spectra from the two reductions,
we decided on a wavelength range from 5.060 to 12.368 µm, divided into 12 spectro-
scopic light curves with each bin having a full width of 0.609 µm. This binning scheme,
previously utilized in Ref. [66], ensures that the shadowed region | occurring at wave-
lengths greater than approximately 10.55 µm | aligns with the transition between
two bins. By doing so, we avoid having any spectroscopic light curve that partially
overlaps the shadowed region. This shadowed region has been observed in previous
MIRI/LRS observations, such as Refs. [67, 68] but does not necessarily occur in all
observations [69]. This feature is characterized by a change of the initial exponential
ramp behavior (like a change in ramp sign, amplitude, and timescale) and is probably
caused by di�erent illumination histories above and below the 10.55 µm boundary.

Data Analysis SZ

To estimate our free parameters and their associated uncertainties in this data
analysis, we employ a dynamic nested sampling approach [70{72] implemented in
the open-source python package dynesty [73, 74]. For all �ts, we use the 'multi'
bounds and set the sampling to 'auto', which automatically selects the sampling
method depending on the number of free parameters in our �ts. We initialize the
dynamic nested sampler with nlive init = 1000 live points and a stopping criterion
of dlogz init=0.01.

White light curve �t | only TESS
We �t the �ve available TESS sectors and increase computational e�ciency by exclu-
sively keeping the transits with a transit duration T 14 and an out-of-transit baseline of
4 � T 14 (two transit durations before and after each transit). Our free parameters are
the transit midpoint time t 0, the orbital period Porb , the planet-to-star radius ratio
r p=rs, the semi-major axis to star radius ratio a=rs, and the orbital inclination i, and
the quadratic limb-darkening parameters q1 and q2, following the reparametrization
described in Ref. [75]. Additionally to the transit model which we employ using the
batman code [76], we �t a constant baseline, c0;seci , and a white noise multiplier � m;sec i

for each sector. Unlike the discovery paper [4], we do not impose Gaussian priors on
the limb-darkening parameters or the stellar density. Our results are consistent with
the values published in Ref. [4]. A complete list of the best-�t parameters and their
uncertainties can be found in Table 4, and a phase-folded transit light curve can be
found in Figure 7.
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Fig. 7 Best-�t phase-folded TESS light curve. a, Detrended phase-folded TESS light curve
from all �ve TESS sectors. The blue solid lines show 100 random draws from the posterior. b, same,
but observations have been binned with each bin containing approximately 1,700 integrations. c, The
residuals of our best-�tting model. The error bars on the binned data in all panels are 1�.

White light curve �t | only JWST
For the white and spectroscopic light curve �ts of the SZ reduction, we analyzed the
observations using a custom �tting pipeline. We begin with the Stage 4 output �les
Eureka!, which provide the spectroscopic and white light curves. MIRI/LRS observa-
tions exhibit a pronounced initial ramp, typically modeled by one or two exponential
terms [68, 77]. To mitigate this e�ect, we removed the �rst 45 minutes of each obser-
vation, eliminating the majority of the strongest portion of this ramp. This leaves
us with 37, 26, and 54 minutes of baseline before the ingress of the eclipse for the
three observations, respectively. The after-eclipse baselines are 41, 53, and 25 minutes,
respectively. For comparison, the eclipse duration is approximately 31 minutes [4].

Our initial �ts are used to determine whether incorporating additional decorrela-
tion parameters, such as the position or width of the spectral trace on the detector,
improves our �ts. This initial model consists of a batman [76] eclipse with eclipse time
tsec, eclipse depth fp=f s, and orbital period Porb , which we keep the same across the
three observations. Furthermore, this model has a cosine term to model the phase
curve with amplitude AmpCos that is again shared across the three observations. For
any remaining systematic or ramp, we use a quadratic trend in time, which we �t indi-
vidually to each of the three observations. To account for any excess white noise and
the uncertainties in the detector gain, we include a white noise multiplier �m as an
additional free parameter for each of the three observations. For our model selection,
we use the Bayesian Information Criterion [BIC; 78], which is commonly used in exo-
planet science to evaluate model performance by measuring how well a given model
describes the data depending on the number of free parameters in the model and the
amount of data points. A �BIC > 10 corresponds to \very strong" evidence in favor
of the new, more complex model with more free parameters [79, 80]. We �rst compare
the quadratic trend in time to an exponential one, both having the same number of
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Table 4 Best-�t parameter estimates for the TESS-only and the joint
white light curve JWST and TESS �ts. We report the median of our posteriors
and the 16th and 84th percentiles for the lower and upper 1� bounds. The values in
this table are based on the SZ reduction. The adopted �t using the TESS and JWST
data is shown in the rightmost column of the table.

TESS only JWST + TESS

e free

JWST + TESS

e = 0

adopted �t

free parameters

t 0
a 0:725513 � 0:000099 0:72551 � 0:00010 0:72554 � 0:00010

Porb (days) b
�

6:90+0:40
�0:39

�
� 10 �7

�
6:87+0:39

�0:38

�
� 10 �7

�
6:54+0:30

�0:29

�
� 10 �7

r p =r s 0:06327 +0:00089
�0:00083 0:06347 +0:00095

�0:00091 0:06322 +0:00094
�0:00081

a=r s 6:98+0:22
�0:48 6:63+0:43

�0:51 6:75+0:37
�0:51

cos i 0:038 +0:031
�0:027 0:059+0:027

�0:033 0:051+0:029
�0:034

q1 0:160+0:150
�0:078 0:198+0:130

�0:090 0:24+0:13
�0:10

q2 0:36+0:36
�0:24 0:30+0:32

�0:21 0:25+0:29
�0:17p

e cos ! - �0:011 +0:008
�0:012 -

p
e sin ! - 0:029 +0:063

�0:053 -

f p =f s (ppm) - 698 � 18 696 � 18

AmpCos 1 (�xed) 1 (�xed) 1 (�xed)

derived parameters

i ( � ) 87:8 +1:5
�1:8 86:6+1:9

�1:6 87:1+2:0
�1:7

R p (R � ) c 1:304+0:046
�0:045 1:308 � 0:046 1:304 � 0:045

T14 (hours) 0:5245 +0:0065
�0:0053 0:5305 +0:0071

�0:0053 0:5296 +0:0066
�0:0048

e -

0:0020 +0:0067
�0:0014

< 0:017 (2�)

< 0:039 (3�)

-

a BJD TBD - 2458325.0 days.
b Porb - 0.462929 days.
c For the calculation of the planetary radius, we use the literature value of
r s = 0:189 � 0:006 R � from Ref. [4].

free parameters, but the BIC strongly favored our original model over the exponen-
tial trend (�BIC = 79). Notably, the quadratic trend is not intended to capture the
phase variation, as this component is already modeled through the AmpCos term in
the planetary 
ux term (see Equation 4 and 5). We �nd that adding c y , which is the
spatial position of the spectrum on the detector determined by �tting a Gaussian dis-
tribution to the spectrum in Stage 3 of Eureka!, improves our �ts by �BIC = 37.8
and 13.9 for observations 1 and 3, respectively. No signi�cant improvement is found
for observation 102. Additionally, we also do not �nd any improvement in using c� y ,
which is the width of the spectrum along the spatial direction also determined by �t-
ting a Gaussian distribution to the spectrum in Stage 3, in order to decorrelate against
any change in the PSF of the spectrum with time for any of the three observations.

We create time-averaging plots to explore correlated noise in the observations
by calculating the root-mean-square (rms) of the residuals as a function of bin size
[81, 82]. By visually inspecting these time-averaging plots, we see excess noise in these
initial �ts (see Fig. 8). Following Refs. [83, 84], we investigate whether using JWST
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Fig. 8 Time-averaging plots of the white light curve �t residuals for the three observa-
tions (a-c) and the phase-folded data (d). The plots show the root-mean-square (rms) of the
residuals as a function of bin size, where a bin size of one corresponds to unbinned data. The solid
red line represents the expected behavior for purely white noise, following the 1/

p
bin size relation-

ship between rms and bin size. Each subplot presents three di�erent cases: Orange solid line: the
behavior of the residuals for our initial �ts. This �t does not include any information on the spatial
position of the spectral trace or any JWST engineering mnemonics. Excess noise is evident, partic-
ularly in observation 1. Blue solid line: The residuals after incorporating decorrelation against the
spectral trace position in observations 1 and 3, showing improvement. Black solid line: the �nal time-
averaging plots after including both the spectral position and JWST engineering mnemonics, leading
to further reduction of excess noise. Our �nal residuals show that we are generally consistent with
uncorrelated photon shot noise in all three observations.

engineering data can mitigate any access noise. These data are collected by onboard
monitoring systems on JWST and can be accessed on the JWST Calibrated Engineer-
ing Data Portal 3. We then retrieved all available engineering data (hereafter referred
to as \mnemonics") that were collected during our three observations. We then �l-
tered those time series, retaining only those that: (1) fully covered the observations,
(2) contained 
oating-point values, and (3) were either associated with the spacecraft
attitude control system (pre�x: SA ) or to the MIRI instrument (pre�x: IMIR ). This
selection process resulted in approximately 120 mnemonics per observation. To align
these mnemonics with our observations, we �rst applied a barycenter correction to
the mnemonics time stamps and resampled them to the observations. We then ran
120 �ts for each observation, testing the e�ect of each mnemonic on the noise prop-
erties of the residuals. To determine the most e�ective mnemonics, we computed the
BIC and only kept those that yielded an improvement of at least �BIC=10. For
observation 1, including SAZATTEST4 (Estimated quaternion - 4th Component) led
to a �BIC of 115.8. For observation 102, using SA ZPTQAERRX (Pointing control atti-
tude error calculated from the quaternion error - x axis) improved the BIC by 13.9.
Including SA ZATTEST4 and IMIRHKSEN05TEMP02 (MIR Housekeeping Packet Sen-
sor Temperature) for observation 3 resulted in improvements of �BIC of 35.4 and
24.7, respectively. The improvement of the �ts is visually shown in the time-averaging
plots in Figure 8.

For our �nal white light curve �ts of the JWST data, which covers wavelengths from
5.060 to 12.368 µm, we included those 4 mnemonics with their coe�cients cSA;obs 1 ,
cSA;obs 102 , cSA;obs 3 and cIMIR;obs 3 , for the respective observation. As described above,
we also used the spatial position of the trace in our �ts, with parameters cy;obs 1 and
cy;obs 3 , for observation 1 and 3, respectively. Other systematic parameters include the

3 https://mast.stsci.edu/portal/Mashup/Clients/jwstedb/jwstedb.html
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nine parameters for the second-order polynomial trend for each observation, c0;obs i ,
c1;obs i , and c2;obs i and the white noise multiplier � m;obs i for each observation. All the
astrophysical parameters are assumed to be identical across the three observations; in
this �t, they are the eclipse time t sec, the eclipse depth fp=f s, the orbital period Porb ,
and the amplitude of the phase curve AmpCos. We model the phase curve using this
single cosine term that peaks at the eclipse, without accounting for any potential phase
curve o�set. This choice is motivated by the limited phase coverage and the absence
of a hot spot o�set in previous studies [5]. For the JWST-only �t, we �x the planetary
eccentricity e to 0. The other orbital parameters are �xed to the literature values
presented in Ref. [4], that is: planet-to-star radius ratio rp=rs = 0:0635, the semi-major
axis to star radius ratio a=rs = 7:109, and the orbital inclination i = 88:50 � .

In sum, the complete model for our observations Fmodel is based on the approach
of Ref. [85] and can be described as

Fmodel (t) = F astro: (t) � F sys:(t) (1)

where Fastro: describes the astrophysical contribution to the 
ux, and Fsys: accounts
for any contribution due to detector systematics. The astrophysical 
ux is given by

Fastro: (t) = F s(t) + F p (t) (2)

where Fs represents the stellar 
ux, which we assume to be constant during our obser-
vations. When simultaneously �tting the JWST and TESS data, the 
ux is periodically
reduced due to the planetary transits. In this case Equation 2 turns into:

Fastro: (t) = (Fs(t) � F transit (t) ) + F p (t); (3)

where Ftransit = 1 outside of transits and utilize the batman transit model otherwise.
The planetary 
ux, F p , is described by

Fp (t) = F day (t) � F pc (t): (4)

Here, Fday is the planet's dayside emission, which is Fday = 0 during the eclipse, and
otherwise Fday = f p=f s. The phase curve 
ux, Fpc , is expressed as

Fpc (t) = 1 +
AmpCos

2
(cos � � 1 ) ; (5)

where � is the orbital phase of the planet. In the case of a circular orbit, this is given by
� = 2�=P orb (t � t sec), with P orb being the orbital period and tsec being the secondary
eclipse time. Finally, the systematics model for an observation is

Fsys:(t) = c 0 + c 1(t � �t) + c 2(t � �t) 2 + c SA SA(t) + c IMIR IMIR(t) + c y y(t) (6)
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where c0, c1, and c2 are the coe�cients of the second-order polynomial, �t is the mean
time of an observation, and SA(t), IMIR(t) and y(t) are arrays containing the infor-
mation of the SA or IMIR mnemonics, or the y-position of the spectral trace on the
detector as a function of time.

With this initial �t, we �nd that the phase curve amplitude, AmpCos, remains
unconstrained within our uniform priors, which we set to U(0, 1). Here, AmpCos = 1
would indicate that the full phase curve amplitude is equal to the eclipse depth and
there's no night side 
ux emitted from the planet. When allowing for nonphysical
solutions for the planet's amplitude | such as negative 
ux (i.e. AmpCos < 0) or
phase curve amplitudes higher than the eclipse depth (i.e. AmpCos > 1) | we obtain
AmpCos = 1:6+11:8

�12:0 . The wide posterior indicates that we are not able to meaning-
fully contain the planet's phase curve amplitude, which is expected given the limited
phase coverage of our observations (see Fig. 1). Based on this, we adopt AmpCos = 1
for all other �ts. This decision is furthermore supported by the Spitzer observations,
which found no signi�cant night side 
ux in their phase curve data [5]. With this
�t that only includes the three JWST observations and sets AmpCos = 1, �nd an
eclipse depth of fp=f s = 694 �18 ppm, an eclipse time of t sec = 60114:21718 �0:00010
BMJD TDB . We also �nd an orbital period of P orb = 0:46292973 � 0:00000023 days,
consistent within 1� with the literature value of P orb = 0:46292913 � 0:00000190 days
[4]. We list our best-�t parameters and their uncertainties for the JWST-only �ts in
Table 5. We show our best �t to each observation in Figure 9 and the phase-folded
light curve in Figure 1. We �nd an rms in the residuals of 407.9, 393.5, and 390.5 ppm
for observation #1, #102, and #3, respectively. By simulating our observations using
the open-source code PandExo v3.0 [86, 87], we determine the expected noise to be
379.2 ppm per integration. This results in our observations being marginally over the
photon noise limit at 7%, 4%, and 3% for the three observations, respectively.

White light curve �t | JWST and TESS
Finally, we �t both datasets | TESS and JWST | jointly. For this analysis, we use
the wavelength range from 5.060 to 12.368 µm for all three JWST observations, along
with data from all �ve TESS sectors. We perform two �ts: one where we allow the
eccentricity to be a free parameter and another where we �x it to e = 0. In both of these
�ts, we account for light travel time that leads to the eclipse arriving approximately
2�3.1 seconds delayed. In the �rst �t, our free physical parameters include the transit
midpoint time t 0, the orbital period Porb , the planet-to-star radius ratio r p=rs, the
semi-major axis to star radius ratio a=rs, and the cosine of the orbital inclination cos i.
Additionally, we �t for the quadratic limb-darkening parameters q 1 and q2, (in the
reparametrization of Ref. [75]), the eclipse depth fp=f s, and the parameters

p
e sin !

and
p

e cos !, which represent the square root of the eccentricity multiplied by the
sine and cosine of the argument of periastron, respectively. We note that the phase
curve amplitude parameter, AmpCos, is �xed to 1 in these �ts, meaning that the full
phase amplitude is equal to the eclipse depth. For the systematic parameters, we use
a constant term in time for each TESS sector, and for the JWST data the same as
described above in the JWST-only �ts, that is, a quadratic trend in time for each
of the three JWST observations, two parameters to account for the position of the
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Fig. 9 Best-�t JWST MIRI/LRS white light curves. These white light curves cover wave-
lengths from 5.060 to 12.368 µm and are based on the SZ reduction. Row a: Best-�t full model
(astrophysical and systematic) in red with the observed raw 
ux in grey. Each bin covers approxi-
mately 2.5 minutes. Row b: Same as row a, but without the best-�t systematics model, leaving only
the astrophysical signal. Row c: Best-�t residuals of the observations. The rms of the residuals for
each observation is listed in each panel. The error bars in all panels are 1�.

spectrum on the trace in observation 1 and 3, and four parameters for the mnemonics.
Additionally, each of the eight datasets receives an independent white noise multiplier.
In total, this results in 38 free parameters in our �t. We list our results for this �t
in Table 4. Notably, our eccentricity is e = 0:0020+0:0067

�0:0014 , which is consistent with a
circular orbit when accounting for the Lucy-Sweeney bias [88{90]. We do �nd upper
values of e < 0:017 (2�) and e < 0:039 (3�), which could inform future tidal heating
models of LHS 3844 b. Our results for the circular orbit �t, which has two fewer free
parameters (36 in total), are also listed in Table 4, and a full corner plot is shown
in Figure 10. The circular and the non-circular orbit �ts are consistent with each
other within uncertainties. Given the eccentricity is consistent with zero, we adopt the
circular �t and use the orbital and planetary values for the following spectroscopic
�ts. Our results are also in agreement with the literature values in Ref. [4]. However,
the discovery paper determined uncertainties in a=rs and i that are approximately
one order of magnitude smaller than ours. This discrepancy, despite our use of more
transit observations, is likely in majority due to their adopted prior on the stellar
density, which was determined from an empirical relationship between the star's Ks
band magnitude and the stellar distance reported by the Gaia mission. In contrast,
we do not impose Gaussian priors informed by external data but instead use wide
uniform priors. With our combined dataset, we provide a precise ephemeris that can
aid in scheduling future follow-up observations of the planet.

Spectroscopic light curve �ts
We create 12 spectroscopic light curves covering wavelengths from 5.060 to 12.368 µm,
with each bin having a full width of 0.609 µm. We also assume a circular orbit for
the planet in our �ts. We �x the orbital and planetary parameters (t 0, Porb , r p=rs,
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Table 5 Best-�t parameter estimates for the JWST-only �ts. We
report the median of our posteriors and the 16th and 84th percentiles for the
lower and upper 1� bounds. For these �ts, we �xed the following parameters
to the literature values: r p =rs = 0:0635, a=r s = 7:109, and i = 88:50 � . The
values in this table are based on the SZ reduction. The adopted �t using only
the JWST data is shown in the rightmost column of the table.

JWST only

AmpCos, U(0,1)

with mnemonics

JWST only

AmpCos = 1

without mnemonics

JWST only

AmpCos = 1

with mnemonics

adopted �t

t sec
a 0:21718 � 0:00010 0:217145 +0:000100

�0:000097 0:21718 � 0:00010

Porb (days) b (7:4 � 2:3) � 10 �7 (7:2 � 2:2) � 10 �7 (7:3 � 2:3) � 10 �7

f p =f s (ppm) 694 � 18 704 � 18 694 � 18

AmpCos 0:51 +0:33
�0:35

c 1 (�xed) 1 (�xed)
a BJD TBD - 2460114.5 days.
b Porb - 0.462929 days.
c Note that the posterior for this �t was completely uniform in the prior range of
U(0,1). When leaving this parameter completely unconstrained with a wide
uniform prior, we retrieved AmpCos = 1:6 +11:8

�12:0 . This suggests that we cannot
meaningfully contain this parameter with our observations. We therefore set
AmpCos = 1 in all other �ts.

a=rs, and cos i) to our circular orbit joint TESS and white light JWST best-�t val-
ues, which are listed in Table 4. We adopt the same astrophysical and systematics
model as in the white light curve �ts, which consists out of a batman eclipse (with
eclipse depth fp=f s), a cosine term to model the phase curve, a quadratic trend in time
(c0;obs i , c1;obs i , and c2;obs i ), four parameters for the mnemonics (cSA;obs 1 , cSA;obs 102 ,
cSA;obs 3 and cIMIR;obs 3 ), two parameters for the spatial position of the trace (cy;obs 1

and cy;obs 3 ), and the white noise multiplier � m;obs i for each observation. We show the
raw 
ux, best-�t model, and residuals for each of the 12 spectroscopic bins and 3 obser-
vations in Figure 11. The corresponding time-averaging plot is shown in Figure 12 and
indicates no signs of excessive correlated noise. This �t involves 19 free parameters
when �tting for a common eclipse depth across the three observations in each respec-
tive spectroscopic bin (see panel a in Figure 13 for the planetary spectrum resulting
from this �t). Additionally, we test �tting for a separate eclipse depth per observation
(see panel b{d in Figure 13). When taking a weighted average of the separate eclipse
depths per bin, the spectrum remains consistent with the single-depth �t well within
1�. Finally, we also �t the spectroscopic light curves using a Gaussian prior on the
orbital and planetary parameters based on TESS data. This resulting spectrum is also
consistent with the �xed parameter �t within 1� and does not introduce signi�cantly
greater uncertainties in the eclipse depths. Therefore, we use the single eclipse depth
per wavelength bin with �xed orbital parameters as our �nal planetary spectrum from
the SZ analysis.

Data Analysis ABA

Using emcee as part of Eureka!'s Stage 5, we �tted each light curve with the product of
a systematics model and a batman [76] eclipse model. The systematics model included
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