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Exploring the ultrahot Neptune LTT 9779 b with CRIRES™

Non-detection of helium transmission spectra and
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ABSTRACT

Ultrahot Neptunes reside in the most extreme irradiation regime of the hot Neptune desert and remain challenging targets for atmo-
spheric characterization because of their intrinsically low planet-to-star flux ratios. We present high-resolution transit and dayside
thermal emission spectroscopy of the ultrahot Neptune LTT 9779 b obtained with CRIRES*, aimed at probing both atmospheric
escape and dayside molecular emission. No significant absorption is detected in the metastable He1 11083 nm triplet during transit,
yielding a 30 upper limit of 0.45% on the excess helium absorption depth and supporting previous non-detections that suggest weak
ongoing atmospheric escape. For the dayside emission spectra in the K band, our cross-correlation analysis reveals an H,O absorption
signal and a tentative CO feature, with the combined signal reaching a detection significance of 4.80. Both the CRIRES* and previ-
ous JWST data favor a non-inverted temperature structure, providing no evidence of a thermal inversion on the planetary dayside. We
further perform a joint atmospheric retrieval combining the CRIRES™ high-resolution spectra with JWST/NIRISS SOSS secondary-
eclipse observations. The joint retrieval yields a low H,O abundance, while the CO abundance remains weakly constrained. The
inferred planetary equatorial rotational velocity, veq = 4.9*%4 kms™, is consistent within 1o~ with the synchronous rotation velocity
expected for a tidally locked planet (~ 2.8 kms~!). However, the large uncertainties prevent us from placing strong constraints on the
planet’s rotation state. Future phase-resolved CRIRES* observations with broader orbital-phase coverage and higher signal-to-noise

ratios would improve the abundance constraints and probe the atmospheric dynamics of this rare ultrahot Neptune.
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1. Introduction

With the growing number of discovered exoplanets, several dis-
tinct demographic structures have emerged. Among them, one
of the most intriguing is the “hot Neptune desert,” a region
where Neptune-sized planets are markedly absent at orbital pe-
riods of < 4 days (??). Its location in the period-radius and
period—mass planes is illustrated in Fig. 1. The small number
of planets in this region cannot be explained solely by observa-
tional biases (??). Instead, it is widely interpreted as evidence
that strong evolutionary processes actively reshape the popula-
tion boundaries of close-in planets. Several physical mechanisms
have been proposed to carve out this desert: (1) photoevapora-

* Corresponding author: e-mail: yanfei@ustc.edu.cn

tion, where intense stellar X-ray and extreme-ultraviolet (XUV)
irradiation heats and expands the upper atmosphere, driving sub-
stantial mass loss over timescales of millions to billions of years
(???); (2) high-eccentricity migration and tidal disruption, dur-
ing which planets arriving on highly eccentric orbits experience
strong tidal forces that strip their envelopes or lead to partial dis-
ruption as the orbit circularizes (??); and (3) Roche-lobe over-
flow, where atmospheric expansion pushes the upper layers be-
yond the Roche potential surface, resulting in sustained or run-
away mass transfer from the planet (???). These mechanisms re-
main incompletely understood in their relative roles in sculpting
the desert.

However, the desert is not strictly empty, with several
Neptune-mass planets identified within this region (22???22??).
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Fig. 1: Distribution of confirmed exoplanets with masses and
radii measured to better than 15% in the period—mass plane (top)
and period-radius plane (bottom). The shaded gray regions de-
note the hot Neptune desert, with the dotted lines indicating the
empirical boundaries defined by ?. LTT 9779 b is marked by the
red star. Points are color-coded by the incident stellar flux rela-
tive to Earth, F/Fg.

Among these planets, LTT 9779 b, originally discovered by ?,
stands out as one of the most extreme survivors in this regime.
With M, = 29.32%018 Mg, R, = 4.72 £ 023 Rs, and Poy, ~
0.79d, it lies deep within the hot Neptune desert in both the
period—mass and period—-radius planes (Fig. 1). At such extreme
irradiation levels and such a small orbital separation, the atmo-
sphere of LTT 9779 b could be subject to vigorous photoevap-
oration and Roche-lobe overflow, as suggested by its restricted
Jeans parameter, A = GMpmy/(kgTeqR,) = 27, its gravitational
potential, ® = GM,/R, ~ 4 x 10'?ergg™!, and its Roche-lobe
filling factor, Ry/Rroche = 0.5 (?). Therefore, under such extreme
irradiation and tidal forcing, LTT 9779 b is a particularly com-
pelling target for transmission spectroscopy of the He 111083 nm
triplet, which has proven to be one of the most sensitive tracers
of atmospheric escape across both space- and ground-based tele-
scopes (?222?2).

In addition, its extreme irradiation may significantly affect
the planet’s atmospheric thermal structure. First, the equilib-
rium temperature of LTT 9779 b is approximately 2000 K (?).
Moreover, the follow-up Spitzer and Transiting Exoplanet Sur-
vey Satellite (TESS) observations have measured dayside bright-
ness temperatures of 2300 + 140K at 3.6 um and 1800 + 120K
at 4.5 um (??), which indicate a complex vertical thermal struc-
ture in its atmosphere. Such temperature levels are compara-
ble to those of typical ultrahot Jupiters (UHJs, T.q > 2000 K),
which, owing to their extreme stellar irradiation, are predicted
to exhibit thermal inversions created by atomic or molecular ab-
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sorbers such as iron, TiO, and VO (???). These thermal inver-
sions in UHJs have been commonly detected through chemical
emission features across both the optical and the near-infrared
bands using ground-based telescopes. For example, in the opti-
cal, Fe1 emission lines have been seen in KELT-9b (??), WASP-
33b (?2??), WASP-189% (?), MASCARA-1b (??), and HAT-P-
70b (?). In the near-infrared band, emission from molecules such
as CO or H,0 has also been observed in several UHJs such as
WASP-18b (??), WASP-33b (????), and MASCARA-1b (2?).
Notably, space-based observations have also revealed emission
features in exoplanet spectra, for example in WASP-121b with
the Hubble Space Telescope (HST; ?) and in WASP-18b with the
James Webb Space Telescope (JWST; ?). Nevertheless, robust
detections of stratospheric thermal inversions have so far been
largely limited to UHJs orbiting A- and F-type stars. To date, no
ultrahot gas giant orbiting a G-type star has shown unambiguous
evidence of a thermal inversion, despite theoretical expectations
that such inversions should be possible under sufficiently intense
irradiation (?). In this context, LTT 9779 b, an ultrahot Neptune
around a G-type star, offers a rare opportunity to test whether
Neptune-sized planets can sustain Jupiter-like thermal inversions
under extreme irradiation around cooler solar-type hosts.

More generally, atmospheric studies of exoplanets have tra-
ditionally focused on close-in hot Jupiters and UHJs, whose
large atmospheric signals make them favorable targets for char-
acterization. Neptune-sized planets, however, remain consider-
ably more challenging owing to their smaller radii, lower at-
mospheric scale heights, and the possible presence of clouds
or hazes. With the advent of JWST, atmospheric characteri-
zation of Neptunes and sub-Neptunes has begun to transition
from a handful of individual detections to more systematic in-
vestigations. Space-based low-resolution spectroscopy has re-
vealed atmospheric features in several such planets, providing
evidence of molecular species such as H,O, CHy, CO,, and
even SO, (2??27?). In contrast, detections of molecular signals
in Neptune-sized exoplanets using ground-based high-resolution
spectroscopy remain relatively scarce. One example is the re-
ported signal of H,O and NH; in the atmosphere of HAT-P-
11b obtained with GIANO at the 3.6 m Telescopio Nazionale
Galileo (?). Several additional Neptune-sized planets, including
GJ 436b (???), GJ 3470b (?), and WASP-166b (?), as well as
sub-Neptunes such as GJ 1214b (??) and GJ 3090b (?), have
also been investigated with ground-based high-resolution spec-
troscopy, although most studies have yielded only tentative de-
tections or upper limits. Expanding this sample is therefore es-
sential for complementing JWST observations and for probing
atmospheric composition, dynamics, and diversity across the
Neptune and sub-Neptune population.

So far, LTT 9779 b has been the focus of extensive atmo-
spheric investigations through transmission and emission spec-
troscopy, as well as reflected-light observations. Common trac-
ers of atmospheric escape, such as the He1 11083 nm triplet and
He, showed no detectable signals in ground-based transit obser-
vations obtained with the Warm INfrared Echelle spectrograph
to REalize Decent high-resolution spectroscopy (WINERED) on
the 6.5m Clay/Magellan II Telescope and the Echelle SPec-
trograph for Rocky Exoplanets and Stable Spectroscopic Ob-
servations (ESPRESSO) at the Very Large Telescope (VLT),
respectively (??). These non-detections could indicate a weak
mass-loss rate and point toward a high-metallicity atmosphere.
Furthermore, high-resolution reflected-light observations with
ESPRESSO in the four-unit telescope mode did not detect TiO
features and further suggested the presence of high-altitude sili-
cate clouds in the atmosphere (?). Moving to space-based obser-
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vations, previous transit observations with the HST Wide Field
Camera 3 (WFC3) detected only weak spectral features (?). Con-
sistent with these findings, recent transmission spectra obtained
with the JWST Near Infrared Imager and Slitless Spectrograph
(NIRISS) also revealed muted molecular features and favored an
atmosphere with extremely high metallicity (20-850x solar) and
millibar-level clouds at the terminator (?). The dayside atmo-
sphere has likewise been explored through phase-curve observa-
tions. Phase-curve observations with JWST/NIRISS in the single
object slitless spectroscopy (SOSS) mode revealed a weak H,O
absorption feature (?). At longer near-infrared wavelengths, re-
cent phase-curve observations obtained with the JWST Near In-
frared Spectrograph (NIRSpec) using the G395H grating showed
that the obscuring effect of high-altitude clouds becomes less
significant, revealing a carbon-rich atmosphere dominated by
CO and CO,, with retrieved mixing ratios of ~ 107" and ~ 1074,
respectively, together with weaker H,O absorption features (?).
Their atmospheric retrievals further favored a near-unity carbon-
to-oxygen ratio and a metallicity exceeding 500x solar.

The unusually high geometric albedo of LTT 9779 b has been
investigated through several independent observations. Based
on CHaracterising ExOPlanet Satellite (CHEOPS) secondary-
eclipse measurements, ? reported an extremely high geometric
albedo of A = 0.80f82}2, ranking LTT 9779 b among the most
reflective exoplanets known. Subsequent JWST NIRISS/SOSS
phase-curve observations confirmed the planet’s high geometric
albedo (A, = 0.50 + 0.07; ?) and revealed a pronounced lon-
gitudinal asymmetry, with the western hemisphere exhibiting a
higher reflectivity (Agwest = 0.79 + 0.15) than the eastern hemi-
sphere (Agease = 0.41 + 0.10). A subsequent reanalysis of the
ESPRESSO reflected-light dataset detected a broadband plane-
tary signal at a signal-to-noise ratio (S/N) of ~ 5.4 and inferred
a geometric albedo of Ay = 0.88 + 0.25, with enhanced blue
reflectivity consistent with efficient scattering or high-altitude
clouds (?). Although the CHEOPS and ESPRESSO measure-
ments yield higher central values than the JWST result, the dif-
ferences are modest (~ 1.60 and ~ 1.50, respectively, based
on the reported uncertainties) and do not indicate a significant
discrepancy. These measurements were obtained over different
wavelength ranges and rely on different approaches to estimat-
ing the reflected-light contribution. In particular, the CHEOPS
albedo was inferred assuming a negligible thermal contribution,
whereas the JWST phase-curve analysis separated reflected light
from thermal emission. The wavelength-dependent reflectivity
indicated by ESPRESSO further highlights the importance of
accounting for differences in bandpass when comparing the re-
ported albedos.

Here, we present high-resolution transit and emission spec-
troscopy of LTT 9779 b obtained with the upgraded Cryogenic
Infrared Echelle Spectrograph (CRIRES™), with the latter yield-
ing the first ground-based detection of dayside thermal emission
from a Neptune-sized exoplanet. No significant helium absorp-
tion features are detected during a single transit event. In con-
trast, the dayside emission spectra reveal the presence of H,O
and provide tentative evidence of CO. By further performing
a joint atmospheric retrieval with JWST NIRISS/SOSS data,
we confirm the presence of a weak H,O absorption in the at-
mosphere of LTT 9779 b. Our results demonstrate the feasibil-
ity of using ground-based high-resolution spectroscopy to probe
ultrahot Neptunes and highlight the complementarity between
ground-based and space-based facilities for infrared atmospheric
characterization.

The paper is organized as follows. In Sect. 2, we describe
the observations and data reduction. In Sect. 3, we introduce

the methods for the dayside molecular search and atmospheric
retrievals. In Sect. 4, we present and discuss the results of the
transmission spectroscopy, dayside molecular search, and at-
mospheric retrieval. Finally, we summarize our conclusions in
Sect. 5.

2. Observations and data
2.1. Observations

The CRIRES™ instrument is a cryogenic, cross-dispersed, high-
resolution echelle spectrograph covering the near-infrared band,
installed at the 8 m-class Unit Telescope 3 of the VLT (?). As
part of our guaranteed time observations with CRIRES*, we ob-
served the thermal emission spectrum of LTT 9779 b on 9 Au-
gust 2022 between 05:56 UT and 08:40 UT, as well as the trans-
mission spectrum on 12 August 2023 between 06:07 UT and
08:28 UT.

An ABBA nodding pattern was applied to both our obser-
vations. In this pattern, the target was observed at two different
positions along the slit (A and B), which allows for an efficient
removal of the sky background and detector artifacts. As illus-
trated in ?, in the data reduction procedure, we treated the A and
B spectra as two independent datasets and combined them in
the final cross-correlation results. The thermal emission obser-
vations cover the orbital phases between 0.29 and 0.43, where
most of the dayside of the planet is visible to the observer be-
fore secondary eclipse. The transmission observations cover a
full transit event with orbital phases between -0.09 and 0.03.

We used the Y1029 wavelength setting, covering 950 nm to
1120 nm, for the transmission observations to search for the He 1
A1083 nm triplet. The K2166 wavelength setting, with a wave-
length coverage between 1921 nm and 2472 nm, was used for the
thermal emission observations, as this range is sensitive to some
major molecular spectral lines (e.g., CO and H,0O). The Y1029
wavelength setting consists of nine echelle orders with two nar-
row gaps within each order, yielding 27 wavelength segments in
total. The K2166 wavelength setting includes seven echelle or-
ders with two narrow gaps within each order, yielding 21 wave-
length segments in total. We used the 0.2 slit of CRIRES™,
corresponding to a nominal resolving power of R ~ 100 000.
For the thermal emission observations, the adaptive-optics (AO)-
corrected point spread function (PSF) was narrower than the slit,
resulting in an effective resolving power higher than the nomi-
nal slit-limited value. This super-resolution effect has also been
reported in recent CRIRES™ studies (2??). We estimated the re-
solving power by fitting each wavelength segment separately
with molecfit, obtaining values ranging from approximately
R = 95000 to 160000 across different segments. We there-
fore adopted a representative resolving power of R = 120000
throughout this work. The airmass and the mean S/N per pixel
during the observations are illustrated in Fig. A.1.

2.2. Raw data extraction

The raw spectra were reduced by the European Southern Ob-
servatory (ESO) CRIRES* data reduction software pipeline
cr2res, including dark subtraction, flat-field correction, echelle
order localization, and wavelength calibration. Bad pixels were
masked after the raw data reduction, and wavelength calibra-
tion was performed using a uranium-neon lamp together with
a Fabry—Pérot etalon. The time series was organized into pairs
of consecutive A and B nodding positions, yielding 33 pairs for
transmission spectra and 38 pairs for thermal emission spectra.
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Then the pipeline was run on each pair, in which A and B spec-
tra were subtracted from each other. Subsequently, the pipeline
produced one-dimensional spectra, along with associated uncer-
tainty estimates for each wavelength segment and nodding po-
sition. We discarded the first and last 20 pixels for every wave-
length segment to mitigate edge effects from the detector.

During our observations, the PSF was smaller than the slit
and not perfectly centered, resulting in wavelength shifts of a
few kms~! between the spectral data points and the pipeline-
delivered wavelength solutions. These offsets typically differ be-
tween the A and B nodding positions due to imperfect alignment
with the slit (?). To account for the wavelength shifts, we used
the molecfit software (?) to fit telluric absorption features and
derive improved wavelength solutions for the A and B spectra,
respectively. We adopted the first nodding pair of the transmis-
sion spectra in the molecfit calculation. In contrast, for the
thermal emission spectra, we used the third nodding pair due
to its higher S/N. The resulting wavelength solution was then
applied to all exposures.

To assess the additional drifts between different exposures
and examine the temporal stability of wavelength solutions de-
rived from molecfit, we further calculated the radial velocity
(RV) drifts between the median spectrum and individual expo-
sures of the time series using the cross-correlation technique.
Fig. A.2 shows the distribution of RV drifts across all exposures
and wavelength segments. For both the transmission and thermal
emission observations, all the RV drifts are < 0.6 kms™!, with
most clustered around 0.2 kms~'. Since these shifts are smaller
than the velocity width of a single CRIRES* resolution element
(~ 2.5kms™"), the wavelength solutions from molecfit are suf-
ficiently stable for our analysis, and we therefore did not apply
further corrections to different exposures.

2.3. Data reduction

To extract the faint signal of the exoplanet atmosphere, we must
remove the telluric absorption, the stellar spectrum, and any con-
tribution from instrumental effects. These data reduction proce-
dures are described in the following subsections and were ap-
plied consistently to both the thermal emission and transmission
observations.

2.3.1. Pre-processing the spectra

(1) Normalization. During the observations, the flux levels of in-
dividual exposures varied, primarily because of variable slit
losses caused by changes in seeing and airmass-dependent
atmospheric extinction, with additional contributions from
instrumental effects such as variations in the blaze function.
To account for these variations, all spectra were normalized
to a common continuum level. We first divided the wave-
length range into 100 equal-width bins and selected the 90th
percentile flux within each bin as a representative point on
the continuum. A second-order polynomial was then fitted to
these points to model the continuum. For every wavelength
segment and every frame, the spectrum was divided by its
fitted continuum.

Clean up the spectral matrix. In this step, we first calculated
a master spectrum by taking the mean of all spectra along
each pixel column, then computed the standard deviation for
each pixel column, following the same procedure as in ?. We
subsequently obtained the empirical S/N of each pixel col-
umn by dividing the master spectrum by the standard devi-
ation. Based on this empirical S/N spectrum, the lower S/N

2
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Table 1: Parameters of the LTT 9779 system.

Parameter Symbol (unit)  Value
Star
Radius R4 (Ry) 0.949 + 0.006
Mass M, (M) 1.02+0:92
Effective temperature Teqr (K) 5480 + 42
Metallicity [Fe/H] (dex)  0.25+0.04
Systemic velocity y (kms) -10.6+1.0®
Planet
Radius R, (Re) 472 +0.23
R/R,  0.0455700022
Mass M, (M) 29.32+0 7%
Surface gravity log g, (cgs) 3.11
Equilibrium temperature Teq (K) 2333©@ (Ag =0)
1900 (Ag =0.56)
Orbital inclination ip (deg) 76.39 +£0.43
Semimajor axis a(au) 0.01679*5:0001
a/R, 3.8771000)
Orbital period Powp (d) 0.792 064 10
+0.000 000 14 @
Transit epoch Ty (BJD1pR) 2459043.310 602
+0.000 090 @
Transit duration T4 (h) 0.82+0.11@
Ingress duration Tingress (h) 0.186 + 0.040
RV semi-amplitude K, (kms™")  2253*)5©@

References. All parameters are from ?, except for: @ ?; ® Gaia DR2
(?). © Eq. (2) of ? assumes dayside-only reradiation. ¥ Eq. (14) from ?,
with uncertainties estimated through first-order error propagation. The
quoted uncertainty in 74 may be optimistic if the uncertainty in R, re-
ported by ? is underestimated. © Eq. (5) of this work, with uncertainties
estimated through first-order error propagation. The quoted uncertainty
in K, may be optimistic if the uncertainty in M, reported by ? is under-
estimated.

pixel columns were set to NaN values. For both of our ob-
servations, about 10% of the pixel columns were masked.
This procedure ensures that strong telluric lines are effec-
tively masked without requiring prior knowledge of their po-
sitions. Notably, normalization has to be performed before
this step since continuum variations can significantly affect
the computed standard deviation across pixel columns, ulti-
mately resulting in an inaccurate estimate of the empirical
S/N.

Sigma clipping. To correct bad pixels, we further performed
30 clipping on the time evolution of each pixel column and
then replaced the bad pixels with the mean values of each
pixel column.

3)

2.3.2. Removal of telluric and stellar lines

To date, two main methods have been developed to correct the
stationary telluric and stellar lines in the spectral matrix. One
approach involves accurately modeling the telluric spectrum us-
ing tools such as molecfit, which uses a line-by-line radia-
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tive transfer model together with atmospheric profiles from the
Global Data Assimilation System to generate synthetic trans-
mission spectra of the Earth’s atmosphere across the observed
wavelength range (e.g., ?). Another approach employs detrend-
ing algorithms such as SYSREM (?), which iteratively identifies
and removes systematic trends shared across the spectral matrix
while accounting for the uncertainty of each data point. In this
work, we adopted SYSREM, as it has been demonstrated to be
a robust tool in high-resolution spectroscopy (??). Moreover, ?
showed that SYSREM outperforms molecfit for close-in planets
(P = 2 days in their simulations), making it particularly suitable
for our short-period target LTT 9779 b.

The SYSREM algorithm was applied iteratively to the ob-
served spectral matrix. At each iteration k, one dominant
wavelength-dependent (a®¥’) and time-dependent (¢®) system-
atic component was fitted and removed from the residual spectra,
as summarized by
R*D = R® _ C(k)a(k)T, (1)
where R denotes the original spectral matrix and R**D rep-
resents the residual matrix after the k-th iteration. The detailed
description of the algorithm is provided in Appendix B.

We further computed the cumulative model matrix, M®_ af-
ter applying SYSREM for N iterations, which can be written as

N-1 N-1
M = Z M® = Z R a®T )
k=0 k=0

Instead of subtracting the cumulative model from the original
observed spectra, we divided the original spectra by the cumula-
tive model. This approach preserves the relative depths of plane-
tary spectral features and ensures accurate uncertainty propaga-
tion. This method is particularly important for identifying plane-
tary spectral lines that overlap with telluric absorption lines, such
as those from H,O.

Before performing SYSREM, we re-estimated the uncertain-
ties using an approach similar to that described in ?, so that
they more closely reflect the empirical scatter in the observed
spectra. This procedure involves first applying one iteration of
SYSREM using the original pipeline uncertainties to obtain a
noise-dominated residual spectrum. Subsequently, we calculated
the standard deviation for each pixel bin (vertical dimension) and
for each frame bin (horizontal dimension) of the residual spectral
matrix. The final uncertainty assigned to each data point was de-
termined by averaging the respective row-wise and column-wise
standard deviations.

After re-estimating the uncertainties, we ran SYSREM for fif-
teen iterations to generate a set of residual spectra. To remove
any broadband features, we further applied a Gaussian high-pass
filter with a standard deviation of 31 points. The final residual
spectra represent the normalized planetary signals: 1 + F,/F;
in the case of thermal emission, and Fj,/F,, for transmission,
where Fj, and F,, denote the in-transit and out-of-transit stel-
lar flux, respectively. An overview of the entire data reduction
procedure is shown in Fig. 2.

3. Methods
3.1. Search for atmospheric species on the dayside

To investigate the presence of chemical species on the dayside,
we performed the cross-correlation analysis to extract the weak

Orbital phase
S
(951
W

YSREM 3
0.40
0.35
0.30 |
2322 2324 2326 2328 2330 2332 2334 2336
Wavelength (nm)

Fig. 2: Illustration of the data reduction process for a representa-
tive wavelength interval. Top panel: Raw spectra extracted by the
CRIRES" pipeline. Middle panel: Spectra after continuum nor-
malization and masking of deep telluric absorption lines. Bottom
panel: Spectra after three iterations of SYSREM for the removal of
stellar and telluric systematics.

planetary spectral lines (???). This analysis computes the cross-
correlation function (CCF) between the template and the residual
spectra, coherently combining the many weak molecular lines
that are shifted due to the Doppler effect into a detectable sig-
nal peak. We searched for dominant molecular species in the
K band, such as CO and H,O, as well as other molecules in-
cluding CO,, OH, CHy, and HCN, although these latter species
are not expected to be abundant at such high temperatures. We
also searched for Fe, which has been detected in some UHJs with
CRIRES* (e.g., 7?).

3.1.1. Model spectra

The model template was constructed following a procedure sim-
ilar to that described in ? and ?. Following the retrieval frame-
work detailed in Sect. 3.2.1, we defined a pressure grid of 51
layers sampled logarithmically from 1073 to 10 bar and used
a ten-point parametric temperature—pressure (7-p) profile. We
adopted the best-fit 7-p profile derived from the joint retrieval
(see Sect. 3.2.3) to generate the final model spectra.

The volume mixing ratios (VMRs) of H,O and CO used
for the template calculation were adopted from the best-fit val-
ues corresponding to the maximum posterior probability in the
CRIRES*-only retrieval (Sect. 4.4). The corresponding mean
molecular weight (MMW) was calculated by assuming that the
remaining atmosphere consists of H, and He in solar propor-
tions (?). However, when generating the individual templates of
CO,;, OH, CH4, HCN, and Fe, whose abundances are not tightly
constrained by the CRIRES*-only retrieval, their VMRs and the
corresponding MMWs were computed using FastChem (?) un-
der the assumption of chemical equilibrium, adopting a carbon-
to-oxygen ratio of C/O = 1 and a metallicity of ~ 500X solar as
reported by ?.

These abundances, together with the temperature-, pressure-,
and wavelength-dependent opacities, were then used in the radia-

Article number, page 5



A&A proofs: manuscript no. aa62567-26

tive transfer calculations to generate the synthetic spectra. The
high-resolution opacity data adopted in this study are obtained
from the following sources: CO opacity data from ?, H,O line
list from ?, CO, data from ?, OH line information from ?, CHy
opacity from ?, HCN from ?, and Fe from ?. Finally, we ran
the radiative transfer code petitRADTRANS (?) to generate the
high-resolution (R = 10%) model spectra for the corresponding
chemical species.

The template fluxes generated by petitRADTRANS corre-
spond to the planetary emission, Fp,. To be consistent with the
data reduction procedure, we first assumed a stellar blackbody
spectrum (F') and regarded the observed spectrum as F + Fi.
Then we normalized the model spectra by dividing them by Fj
to obtain the stellar-normalized model spectrum: 1 + F,/F,. We
applied the same Gaussian filtering used in Sect. 2.3.2 to remove
the planetary continuum, and the normalized spectra were subse-
quently convolved with the Gaussian instrumental profile at the
observational resolving power and with the rotational broaden-
ing profile, both described in Sect. 3.2.1. The final model spectra
used in the cross-correlation analysis are shown in Fig. 5.

3.1.2. Cross-correlation

We used the cross-correlation method to detect chemical species.
First, we created a Doppler-shifted model grid of RV from
~500kms~! to 500kms~! with a cadence of 1 kms~'. We sub-
tracted unity from both the residual spectra and the model tem-
plate, and computed the weighted CCF at frame i as

CCF,(v) = ZR’L;(U)

J ij

3

where R;; is the matrix of residual spectra, o;; the correspond-
ing uncertainties, and m;(v) the template shifted by the RV, v.
For each wavelength segment, the time series of CCF;(v) was ar-
ranged into a two-dimensional array. Arrays from different spec-
tral segments were co-added to form CCF maps for the A and B
nod positions separately; the two nodding maps were then com-
bined into a single CCF map for each species.

The original CCF was calculated in the observer’s rest frame.
We aligned the CCF map to the planetary rest frame, assuming
the RV as
Up =Y — Upary + Kp sin(2n¢p) + Av, @)
where 7 is the systemic velocity, vpyy the barycentric velocity,
¢ the orbital phase, and K, the orbital RV semi-amplitude of
the planet. This equation assumes a circular planetary orbit, and
Av serves as a parameter to account for possible planetary rota-
tion and atmospheric circulation. A phase-dependent weighting
factor, described in Sect. 3.2.1, was also applied to account for
the varying visibility of the planetary dayside during the obser-
vations. For a certain K, value, the weighted two-dimensional
CCF map was collapsed along the orbital phase, resulting in a
one-dimensional CCF. We then repeated this step for a range
of K, values from 100kms™" to 300kms™' with a cadence of
1 kms~!. Eventually, we obtained a two-dimensional CCF map
as a function of K, and Av, known as the Kj-Av map.

To estimate the noise level in the K,-Av map, we excluded
the region around the expected planetary signal and treated all
remaining CCF values as noise-dominated. The noise dispersion
was quantified using the median absolute deviation, which is ro-
bust against outliers and potential weak residual signals. As a
final step, the K,-Av map was normalized by this noise estimate
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to obtain the S/N map. Any planetary atmospheric signal is ex-
pected to appear as a localized peak near the expected K, and

Av = 0. For this system, the expected K}, is 225 km s7!, calcu-
lated with

« _ [27GM, e
b= P sin i,

where M, is the stellar mass, P is the orbital period, and i, is the
orbital inclination of the planet.

&)

3.2. Framework of atmospheric retrieval

Over the past few years, atmospheric retrieval techniques tai-
lored to high-resolution spectroscopy have undergone rapid de-
velopment (e.g., ???). Using retrieval frameworks, statistical
constraints on atmospheric properties are obtained by comparing
parameterized model spectra with observations. In this work, the
atmospheric conditions of LTT 9779 b are quantitatively investi-
gated following the approach of ? and ?.

In all three retrievals described below, we fixed R, and R,
to the nominal values in Table 1 rather than sampling them.
The reported posterior intervals are therefore conditional on the
adopted R, /R, and do not include uncertainty in this ratio.

3.2.1. Joint retrieval

Given that the molecular signals detected in the cross-correlation
analysis of the CRIRES* data are not highly significant, we
adopted a joint atmospheric retrieval framework that com-
bines ground-based high-resolution spectroscopy with space-
based low-resolution observations. The inclusion of the JWST
NIRISS/SOSS data, whose spectral coverage overlaps with the
CRIRES* K-band region, provides complementary information
on the continuum level and absolute flux scale, thereby en-
abling tighter constraints on the atmospheric properties. For the
NIRISS/SOSS data, we adopted the secondary-eclipse spectrum
reported by ?. In addition, we used the CRIRES™ residual spec-
tra after the seventh iteration of SYSREMN, as this iteration yields
the strongest CCF signal when combining CO and H,O (Fig. 6).

Within the joint retrieval framework, a single atmospheric
model with a common thermal structure, chemical composition,
and gray cloud parameterization was mapped to each dataset
through resolution- and instrument-specific forward models.
Here, the thermal structure is described by a free T-p profile,
parameterized by ten temperature nodes uniformly distributed in
log-pressure space between 1078 bar and 10% bar. We imposed a
uniform prior between 100 K and 5000 K on each temperature
point, while a Gaussian prior was applied as a penalty to mitigate
nonphysical oscillations in the T-p structure (?):

-1 & (T - 2T+ Tiy )
20—3 lOg (pbot/plop) =2 (A IOg P)?

where pyp and pyo denote the pressures at the top and bot-
tom of the atmosphere, oy controls the strength of the smooth-
ness penalty, and the second-order finite difference approximates
the local curvature of the temperature structure in log-pressure
space. We adopted a value of o = 300 K dex 2, consistent with
?. The parameterized T-p profile was subsequently interpolated
onto 51 logarithmically spaced pressure layers for the forward
radiative transfer calculations.

The VMRs of all chemical species were assumed to be con-
stant with pressure. We included only CO and H,O as spectro-
scopically active trace species, as the cross-correlation analysis

Inn(T) = (6)
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detected H,O and provided tentative evidence of CO. The rest
of the atmosphere was assumed to consist of H, and He in so-
lar proportions (?). The MMW was computed self-consistently
from the abundances of all atmospheric species, including Hj
and He, while the continuum opacity was dominated by H,—H,
and H,—He collision-induced absorption'. In the light of previ-
ous observational indications of a cloudy atmosphere (??2?), a
gray cloud deck was included, below which (i.e., at higher pres-
sures) the atmosphere was assumed to be isothermal. With this
atmospheric model in place, forward atmospheric spectra were
computed using petitRADTRANS at both high and low spec-
tral resolutions. The resulting spectra are expressed as planet-
to-star flux ratios and compared with the CRIRES* and JWST
NIRISS/SOSS observations in the likelihood calculation.

For the high-resolution CRIRES™ observations, an accurate
normalization and alignment of the model spectral lines are re-
quired to match the relative line strengths. Since the observations
span a wide range of orbital phases, a phase-dependent correc-
tion factor, k(¢), was included in the forward model to account
for variations in the planet’s visible dayside (?):

1 — cos (2ng)

k(¢) = >

(N

To accurately model the observed line profiles, we included
several sources of spectral line broadening. Thermal and pres-
sure broadening were already included in the opacity calcula-
tions. Instrumental broadening was applied by convolving the
model spectrum with a Gaussian kernel corresponding to the
spectrograph’s spectral resolution, using the broadGaussFast
function from PyAstronomy (?). We additionally included ro-
tational broadening by convolving the model spectrum with the
analytic rotational kernel described by ?:

21— e) VI -2 + Z(1 - x%)
G(x) = ~ , ®)
r(1-%)
where
x:ln(i) e )
Ao | Veq SIN i

Here Ay is the central wavelength of the spectral line, € is the
linear limb-darkening coeflicient, veq is the planetary equatorial
rotational velocity, and i, is the orbital inclination of the planet.
We adopted a linear limb-darkening law and set € = 1.

In addition, to account for the distortion of the planetary sig-
nal introduced by SYSREM during the data reduction, we adopted
the fast SYSREMN filtering approach proposed by ? and applied
the resulting filter operator to the initial phase-corrected two-
dimensional forward model matrix, Mj;gar:
F = U(AU)" (AMipigia) (10)
where U corresponds to the column vector, ¢, defined in
Sect. 2.3.2, A is a diagonal matrix containing the inverse of the
mean wavelength-dependent uncertainties, and (-)" denotes the
Moore—Penrose pseudoinverse, defined as U = (UTU)~'U”.
The resulting filtered model matrix is given by Miiered =
Minitial / F. The high-resolution model spectra were subsequently
Doppler-shifted according to the orbital phase using Eq. (4). Fi-
nally, the same Gaussian filter with a width of 31 points was

! https://petitradtrans.readthedocs.io/en/latest/
content/available_opacities.html

applied to the filtered model matrix before comparison with the
data.

For the low-resolution JWST NIRISS/SOSS data, the ob-
served eclipse depths represent the weighted planet-to-star flux
ratios within each spectral bin. We followed an approach similar
to that proposed by ?. For a given passband 4, the eclipse depth

is modeled as

’ 2 [ f)n)da
o =s(2) +(2) [ a
¢ Ry)  [nda

where Ag denotes the geometric albedo, a is the orbital separa-
tion, and R, and R are the planetary and stellar radii, respec-
tively. The function f(1) = Fp(1)/Fs(A) represents the ratio
of the fluxes originating from the planetary and stellar atmo-
spheres per unit surface area and per unit wavelength, computed
as described above. The quantity 7(1) denotes the instrumental
response function within the considered passband, which was
approximated as a rectangular function in this work. The first
term of the equation represents the contribution of reflected stel-
lar light to the planet-to-star flux ratio, while the second term
represents the contribution of the planet’s thermal emission to
the planet-to-star flux ratio. In our calculations, the geometric
albedo, Ay, was assumed to be wavelength-independent, such
that the reflected-light contribution remains constant across all
spectral bins. The resulting eclipse depth, dcc, was then com-
pared with the observed secondary-eclipse spectrum.

We performed the atmospheric retrieval by directly sam-
pling the posterior probability distribution using the Markov
chain Monte Carlo (MCMC) approach with the ensemble sam-
pler emcee. The logarithmic likelihood function is defined as the
sum of the log-likelihood functions corresponding to the high-
and low-resolution data, and is given by

InL =

(11)

In -Ehigh +1In Liow. (12)

Assuming Gaussian-distributed residuals, the high-resolution
log-likelihood is given by

(R;j i)
In Lyign = ) Z[ (]ﬁa-,,)zj

where R;; denotes the residual spectral matrix, o;; represents the
corresponding uncertainties obtained through error propagation,
M is the filtered model matrix, Miijereq, and S is the scale factor
of the noise level. The low-resolution log-likelihood is defined
as

+In2n(B i) (13)

( Recl 6iecl )2

Ty W

_ ecl\2
In Loy = 3 Z[ + In27(0") ]

where ReCl denotes the binned observed eclipse depth, o °lis
the correspondmg uncertainty, and (5“' represents the modeled
eclipse depth. We performed the MCMC sampling using 100
walkers with 20 000 steps. For the final retrieval results, the first
10000 steps were discarded as burn-in.

3.2.2. JWST-only retrieval

To assess the contribution of the CRIRES* observations to
the joint retrieval, we performed an independent retrieval us-
ing only the JWST NIRISS/SOSS secondary-eclipse spectrum.
The atmospheric model, parameter priors, low-resolution for-
ward model, and MCMC configuration were identical to those
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adopted for the JWST component of the joint retrieval described
in Sect. 3.2.1, while the CRIRES™ likelihood and parameters
specific to the high-resolution observations were excluded. The
posterior distributions obtained from this retrieval are shown in
Fig. C.1, and the retrieved parameters are listed in Table C.1.

3.2.3. High-resolution retrieval with fixed parameters

To further explore the capability of CRIRES™ high-resolution
spectroscopy to constrain the atmosphere of a Neptune-sized
planet, we performed an atmospheric retrieval using the high-
resolution data alone. In addition to H,O and CO included in the
joint retrieval, we also incorporated CO,, OH, CH4, HCN, and
Fe as additional free chemical species to investigate whether the
CRIRES* data alone could place any meaningful constraints on
their abundances. However, the S/N of the single high-resolution
observation is insufficient to independently constrain all free pa-
rameters. We therefore fixed the 7T-p profile and the atmospheric
dynamical parameters (K, and Av) in this retrieval. These param-
eters were adopted from the best-fit model corresponding to the
maximum a posteriori (MAP) solution of the joint retrieval. All
remaining retrieval settings were kept identical to those adopted
in Sect. 3.2.1, and the adopted fixed parameter values are listed
in Table C.1.

4. Results and discussion
4.1. Transmission spectroscopy of Hei

The goal of the transmission observations of LTT 9779 b using
the Y1029 wavelength setting is to search for possible absorp-
tion in the metastable He1 41083 nm triplet at air wavelengths of
1082.909 nm, 1083.025 nm, and 1083.034 nm. For illustration
purposes, instead of treating the A and B spectra as two inde-
pendent datasets, we combined them by sorting in the order of
phase and interpolating the molecfit wavelength solution of B
onto A. We discarded one spectrum of A due to data loss around
1083 nm, most likely resulting from a pipeline reduction arti-
fact, while all other exposures remained unaffected. In total, we
retained 21 in-transit spectra across all observations, based on
the first and fourth contact times (T1 and T4) calculated from
the parameters listed in Table 1.

We performed the full data reduction procedure (Sect. 2.3)
on the observed transmission spectra in the observer’s frame. We
found that after three iterations, the SYSREM algorithm could ef-
fectively remove both stellar and telluric lines around the He1
A1083 nm triplet. We also inspected the strong telluric OH emis-
sion line at 1083.1322 nm (air wavelength; ?), but found no sig-
nificant emission in our data. Therefore, no masking was ap-
plied to this region. The residual spectral matrix was subse-
quently shifted into the stellar rest frame, accounting for the
barycentric Earth RV (vpyy) and the stellar systemic velocity
(y = =10.6 + 1.0 kms™!, from Gaia DR2; ?).

The final transmission spectral matrix is shown in Fig. 3.
There is no significant signal along the expected Her absorp-
tion track. No influence from the OH emission line is apparent
in our data, and the deep Si and H,O absorption features are
effectively masked and removed, respectively, by our data re-
duction procedure and do not affect the in-transit spectra. Next,
we shifted the residual matrix into the planetary rest frame using
the semi-amplitude, K, = 225 km s~ (Table 1). We then com-
puted the error-weighted mean in-transit spectrum, where each
spectrum was weighted by its inverse variance, to produce the
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one-dimensional transmission spectrum (Fig. 4). Again, no sig-
nificant absorption is observed around the He1 11083 nm triplet.

We further rebinned the one-dimensional planetary transmis-
sion spectrum into 5-pixel bins (0.017 nm), and the resulting
binned spectrum is presented in Fig. 4. The transmission spec-
trum has a standard deviation of 0.15%, leading to a 30~ upper
limit of 0.45% for helium absorption. This result is consistent
with that of ?, who reported a 30~ upper limit of 0.20% from ob-
servations with the WINERED spectrograph (R ~ 68 000) on the
6.5 m Clay/Magellan II Telescope. Similarly, when we applied
the same 0.75 A binning, our CRIRES* data yielded a compara-
ble value of 0.25%.

? further showed that, within an isothermal H/He Parker-
wind framework, the mass-loss-rate upper limits inferred from
the He1 non-detection are lower than the mass-loss rates pre-
dicted by pure H/He photoevaporation models, even after ac-
counting for the host star’s weak XUV irradiation (?). The non-
detection of Ha in ESPRESSO observations likewise provides
no evidence of an extended atmosphere traced by excited neutral
hydrogen (?). Taken together, the non-detections of He1 and Ha
disfavor a vigorous, extended H/He-dominated outflow. A high
atmospheric metallicity provides a plausible explanation, as the
resulting higher MMW and enhanced metal-line cooling could
reduce the atmospheric scale height and suppress hydrodynamic
escape, although weaker or compositionally different outflows
cannot be excluded.

4.2. Search for atmospheric species on the dayside

We detect H,O and find tentative evidence of CO. The final
results are shown in Fig. 5. The CO signal achieves a maxi-
mum S/N ~ 2.8 at K, = 200 = 20 kms™ and Av = 10 =
20 kms~!, while the H,O signal reaches a maximum S /N ~ 4.5
at K, = 218*1¢ kms™' and Av = 1*¥, kms™'. When combin-
ing both species, we obtain a joint signal with S/N ~ 4.8 at
K, = 214”_’%(3) kms™! and Av = ngo kms~!. The presence of
absorption features in our detection suggests the absence of a
thermal inversion in the T-p profile.

Fig. 6 shows the evolution of the maximum S /N as a func-
tion of the SYSREM iterations for our detected signals. The H,O,
CO, and combined signals show similar behavior, all reaching
their maximum S /N after seven iterations. Comparison between
the combined and individual signals indicates that H,O domi-
nated the combined signal, which is also evident in the model
template (Fig. 5). Theoretically, UHJs exhibiting thermal inver-
sions are expected to show stronger CO signals than H;O, as
water molecules are thermally dissociated in the inverted atmo-
spheres. In contrast, our detection reveals a stronger H,O signal.
We speculate that this behavior arises from the absence of a ther-
mal inversion, which prevents water from being largely dissoci-
ated.

The absorption signal of H,O is consistent with previous ob-
servations obtained with JWST NIRISS/SOSS (?). In addition,
the JWST result proposed an atmospheric circulation regime
with an equatorial jet that transports heat eastward from the day-
side toward the cold nightside. If such an equatorial jet exists, it
should manifest as a blueshifted signal in our observations since
our data were taken before the secondary eclipse. However, due
to the relatively large 1o range in the K,-Av map, our single pre-
eclipse observation is insufficient to place strong constraints on
the atmospheric dynamics of LTT 9779 b. Future observations
are expected to yield a stronger H,O signal, thereby improving
our ability to probe the atmospheric dynamics of LTT 9779 b.
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Fig. 3: Transmission spectral matrix around the Her 11083 nm
triplet in the stellar rest frame. Upper panel: Example of the
original spectrum in the stellar rest frame (blue), together with
a normalized spectrum after data reduction (red). The shaded
gray regions indicate wavelength ranges strongly contaminated
by stellar and telluric residuals, including the Si 1 411082.7 nm,
OH sky emission, and a strong H,O absorption feature. The Si 1
line was automatically masked because the corresponding pixel
columns had low empirical S/N, while the telluric H,O absorp-
tion was removed using SYSREM. Lower panel: Two-dimensional
transmission spectral matrix as a function of orbital phase and
wavelength. The horizontal dashed white lines mark the ingress
and egress of the transit. The three dashed blue lines indicate the
expected Doppler trail of the planetary He1 41083 nm triplet ab-
sorption during transit. The wavelengths in both panels are given
in air.
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Fig. 4: Combined transmission spectrum around the Her
A1083 nm triplet. The positions of the He1 41083 nm triplet are
indicated by the vertical dashed black lines. The horizontal dot-
ted black line marks the unity level of the transmission spec-
trum. The gray line shows the original transmission spectrum,
while the blue dots represent the spectrum binned over 5 pixels
(~ 0.017 nm). The wavelengths are given in air.

No significant signals of CO,, OH, CH4, HCN, or Fe were
detected, which may be attributed to a combination of observa-
tional and physical factors. First, the observed planet-to-star flux
ratio (F,/F) scales with the square of the radius ratio (R,/R;);
therefore, for a Neptune-sized planet, the signal is intrinsically
much weaker than that of a Jupiter-sized planet. Second, these
molecules may lack sufficiently dense or strong spectral features
within the CRIRES™ K band. Third, the limited S/N of our single
observation may prevent the detection of weak spectral features.
Finally, for species such as CHy and HCN, their atmospheric
abundances are expected to be intrinsically low at the high tem-
peratures probed by our observations.

4.3. Joint retrieval

We present the posterior probability distributions obtained from
the joint retrieval in Fig. C.2, with a summary of the retrieved
parameters listed in Table C.1. The retrieved spectra and corre-
sponding T-p profiles from the joint and JWST-only retrievals
are compared in Fig. 7. The T-p structure and H,O abundance
obtained from the joint retrieval are broadly consistent within 1o
with those from the JWST-only retrieval, indicating that the low-
resolution JWST data primarily drive the constraints on these
quantities in the joint analysis.

The T-p profile is relatively well constrained over the ap-
proximate pressure range 0.05-0.6 bar, while the constraints at
other atmospheric levels remain weak. The T-p profile shows
that the detected signal originates from a non-inverted at-
mospheric region, in agreement with the detection from the
CRIRES* CCF results. Thermal inversions are generally fa-
vored when incident stellar radiation is absorbed at low pres-
sures, particularly when the short-wavelength absorption opac-
ity is large relative to the thermal infrared opacity (?). Self-
consistent models of ultrahot giant planets further show that the
absorption of short-wavelength stellar radiation by atomic met-
als can produce thermal inversions even for planets orbiting G-
type stars (?). The absence of an inversion over the pressure
range probed here is therefore noteworthy. The relatively high
reflectivity of LTT 9779 b may partly explain this result. Assum-
ing Lambertian scattering, for which the Bond and geometric
albedos are related through Ag = 3/2 A, the retrieved geomet-
ric albedo of A, = 0.37 + 0.10 implies an equilibrium tempera-
ture of Teq ~ 1900 K (Table 1). This places LTT 9779 b closer
to the temperature regime of typical hot Jupiters, for which
no robust evidence of thermal inversions has been reported to
date (??). Several cloud-related processes could contribute to
this cooler, non-inverted atmosphere. First, ? proposed a posi-
tive feedback mechanism in which clouds increase the planetary
albedo by reflecting incident stellar radiation. The resulting re-
duction in absorbed stellar flux cools the atmosphere, which in
turn facilitates further cloud formation. Second, preliminary HE-
LIOS calculations for LTT 9779 b suggest that, for the adopted
cloud properties, clouds warm the atmospheric layers below the
cloud deck while cooling those above it. This behavior is consis-
tent with the effects of enhanced long-wavelength cloud opac-
ity predicted by semi-analytical cloudy-atmosphere models (?).
By modifying the vertical temperature gradient, this radiative
effect may weaken or suppress a thermal inversion driven by
high-altitude short-wavelength absorbers. Finally, condensation
or cold trapping may deplete iron and other atomic metals from
the upper atmosphere, removing some of the principal short-
wavelength absorbers thought to drive thermal inversions in ul-
trahot giant planets (??). The combined effects of enhanced re-
flection, cloud-induced radiative redistribution, and the depletion
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Fig. 5: Model spectra and S/N maps for CO, H,O, and both species. Left panels: Continuum-normalized model spectra. The shaded
gray regions indicate the wavelength coverage of the CRIRES™ K2166 setting used in this work. Middle panels: Corresponding S/N
maps as a function of K, and Av. The dashed yellow lines indicate the location of the maximum S/N, while the white crosses mark
the theoretically expected planetary signal position. Right panels: One-dimensional CCFs extracted at the K, values corresponding

to the maximum S/N.
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Fig. 6: Detection significance as a function of SYSREM iterations
for CO, H,0, and both species. The S/N values correspond to the
maximum S/N measured in the K,-Av maps for each SYSREM it-
eration. The star symbols indicate the SYSREN iteration at which
each species reaches its highest S/N.

of gaseous optical absorbers may therefore make the atmosphere
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of LTT 9779 b cooler and less favorable for the development of
a thermal inversion than would otherwise be expected.

Although the joint retrieval is primarily driven by the JWST
NIRISS/SOSS data, the consistency of the retrieved parameters
across different datasets indicates good agreement between the
ground-based and space-based telescopes. Notably, although the
planetary orbital velocity semi-amplitude, K, in the joint re-
trieval is constrained solely by the high-resolution likelihood,
the resulting posterior distribution is well constrained, yield-
ing K, = 218.2* kms™' and Av = —0.6"2% kms™'. The re-
trieved K, is consistent within 1o~ with the expected orbital value
(225 kms~!; Fig. 8), while the velocity offset is consistent with
zero. This consistency further supports the planetary origin of
the high-resolution signal.

Due to the large uncertainties in the two-dimensional pos-
terior distribution of K, and Av (Fig. 8), the S/N of a single
pre-eclipse observation is insufficient to place meaningful con-
straints on the atmospheric dynamics traced by H,O. If the poste-
rior distribution in the K,-Av plane were to shift by more than 20
from the theoretically expected location, such a deviation may
indicate a departure from the local slope of the Keplerian RV
curve, which could plausibly be attributed to atmospheric cir-
culation or spatial inhomogeneities in the planetary atmosphere
(?). Consequently, for the eastward equatorial jet scenario pro-
posed by ?, as discussed in Sect. 4.2, the current observations do
not allow for a definitive conclusion.
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Fig. 8: Corner plot of the posterior distributions of the planetary
orbital velocity semi-amplitude, Kj,, and the velocity offset, Av,
obtained from the joint retrieval.

4.4. High-resolution retrieval with fixed parameters

The results of the CRIRES*-only retrieval are shown in Fig. 9.
In this analysis, the abundance of H,O is relatively well con-
strained, whereas only an upper limit is obtained for CO. Com-
bined with the consistency between the expected orbital param-
eters and the retrieved K, from the joint retrieval, we conclude
that the high-resolution data support the presence of H,O in the
planetary atmosphere, while only tentative evidence of CO is
found.

Our retrieval yields a subsolar H,O abundance of
log(H0) = —4.78049, compared with a solar-composition
equilibrium value of log (H,O) = —3.46. This reference value
was calculated with FastChem from 10000 joint-posterior 7-
p profiles, averaged over the approximate pressure range 0.05—
0.6 bar. The low H,O abundance, together with a relatively deep
cloud-top pressure (log Pcoug > —0.11 at 1o), naturally ex-
plains the comparatively weak water line depths observed in our
data. However, as the retrieval probes the disk-integrated dayside
emission, the retrieved cloud-top pressure should be interpreted
as a flux-weighted average over the visible hemisphere and
does not exclude the presence of localized high-altitude cloud
patches. This result is also consistent within the 10~ uncertainties
with the retrieval performed using the JWST NIRISS/SOSS data
alone. In contrast, the CO abundance is only weakly constrained
by the CRIRES™" data alone, with log (CO) = —3.59f%2. De-
spite this weak constraint, the retrieved abundance remains con-
sistent at the 1o level with the CO-rich dayside solution inferred
from the JWST/NIRSpec retrieval analysis of ? (log(CO) =
—1.44*9%). Taken together, the weak water features found in
our analysis and the CO-rich dayside atmosphere inferred from
JWST/NIRSpec support a picture of a metal-enriched atmo-
sphere with a carbon-to-oxygen ratio near unity for LTT 9779 b.

For the remaining species, we derive only upper limits on
their abundances. The posterior distributions of CO,, OH, CHy,
HCN, and Fe are broad, indicating that the CRIRES™ data alone
do not provide significant constraints on their abundances. From
the marginalized posteriors, we obtain approximate lo upper
limits of log (CO,) < —5.8, log (OH) < —4.1, log (CHy) < —5.9,
log (HCN) < —5.4, and log (Fe) < —4.3. These weak constraints
are consistent with the absence of significant CCF peaks for
these species, indicating that their abundances remain largely un-
constrained by the current CRIRES* data.

The retrieved planetary equatorial rotational velocities, veq =
4.9f‘3"3 kms~! from the joint retrieval and Veq = 2.7’:%5 kms™!
from the CRIRES*-only retrieval, are both consistent within 1o
with the synchronous rotation velocity expected for tidal locking
(~ 2.8 kms™"). However, given the large uncertainties, the cur-
rent data do not allow us to robustly constrain any jet-induced
broadening in the planetary spectrum. Recent high-resolution
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emission spectroscopy has nevertheless revealed atmospheric
wind structures in UHJs (e.g., ??). Future high-resolution ob-
servations of LTT 9779 b may therefore help to further probe its
atmospheric dynamics.

These observational ambiguities highlight the importance of
future high-resolution ground-based observations spanning mul-
tiple orbital phases: on the one hand, phase-resolved measure-
ments would help to simultaneously constrain the water abun-
dance and cloud locations, thereby improving our understanding
of the feedback of clouds on the atmospheric thermal structure;
on the other hand, they would enable tests of the presence of
equatorial jets and thus provide a direct test of current general
circulation model predictions (2?).

5. Conclusions

In this work, we presented high-resolution CRIRES* transit
and dayside emission spectroscopy of the ultrahot Neptune
LTT 9779 b. During the transit observation, we searched for ab-
sorption in the metastable Her 41083 nm triplet and found no
significant signal. From the combined transmission spectrum,
we derived a 30~ upper limit of 0.45% for the helium absorption
depth, consistent with previous ground-based non-detections and
suggesting that the planet is unlikely to be undergoing strong,
extended H/He-dominated atmospheric escape at present.

For the dayside observation, we performed a cross-
correlation analysis in the CRIRES* K-band spectra to search
for molecular emission or absorption signatures. We found an
absorption signal of H,O with a S/N of ~ 4.5 and a tentative sig-
nal of CO. The combined signal of H,O and CO reaches a S/N
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J@

Fig. 9. Corner plot of the posterior distri-
butions obtained from the CRIRES*-only re-
trieval, with the T-p profile, K}, and Av fixed to
the MAP values derived from the joint retrieval.

of ~ 4.8. The location of the signal in the K,-Av map is broadly
consistent with the expected planetary trail.

To further assess the robustness of the high-resolution signal,
we performed atmospheric retrievals combining the CRIRES™*
data with JWST NIRISS/SOSS secondary-eclipse observations.
The joint retrieval yields a non-inverted 7-p profile and a rela-
tively low H,O abundance, consistent with the weak water fea-
tures seen in both the low- and high-resolution data. In addition,
the retrieved K, is consistent with the theoretical orbital value
within the uncertainties, further supporting the interpretation that
the high-resolution signal arises from the dayside atmosphere of
LTT 9779 b. A CRIRES*-only retrieval with the T-p profile, K,,
and Av fixed to the joint-retrieval values independently recovers
the H,O signal, while the evidence of CO remains marginal.

Overall, our results indicate the presence of weak H,O ab-
sorption in the dayside atmosphere of LTT 9779 b and suggest
the absence of a strong thermal inversion in the pressure range
probed by the observations. This picture is consistent with a
cloudy, high-albedo atmosphere, where enhanced reflection may
reduce the absorbed stellar energy. Cloud-induced radiative ef-
fects may also modify the vertical temperature gradient in a way
that disfavors the development of a strong thermal inversion.

Our study demonstrates that ground-based high-resolution
spectroscopy can probe molecular signatures in Neptune-sized
exoplanets, even when the planet-to-star flux ratio is extremely
small. More importantly, these results highlight the complemen-
tary strengths of joint retrievals combining ground-based and
space-based observations. Although the continuum information
is removed from the high-resolution spectra during normaliza-
tion, ground-based spectroscopy remains highly sensitive to the
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relative depths and contrasts of individual molecular lines and
provides direct constraints on the planetary orbital velocity and
possible atmospheric dynamics. In contrast, space-based low-
resolution observations retain the continuum information and
are therefore better suited to constraining the broadband spec-
tral shape, reflected-light contribution, and thermal structure
of deeper atmospheric layers. However, the current constraints
from the CRIRES™ data are still limited by the S/N of a single
pre-eclipse observation. Future phase-resolved CRIRES™ obser-
vations, with broader orbital-phase coverage and higher cumu-
lative S/N, will be essential for confirming the molecular detec-
tions, improving abundance constraints, and probing the atmo-
spheric dynamics of this rare ultrahot Neptune.
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Appendix A: Additional figures
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Fig. A.1: Evolution of the airmass and the mean S/N per detector pixel for the transit observation (panel a) and the thermal-emission
observation (panel b). Upper sub-panels: Evolution of the airmass for each observing sequence. Lower sub-panels: Corresponding
mean S/N per detector pixel. Data points corresponding to the A and B nodding positions are shown in orange and blue, respectively.
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Fig. A.2: RV drift during the acquisition of the spectral time series. Each data point corresponds to an individual exposure frame and
wavelength segment. Panel (a): Transit observation. Panel (b): Dayside thermal-emission observation. Data points corresponding to

the A and B nodding positions are shown in orange and blue, respectively.
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Appendix B: Mathematical formulation of the
SYSREM algorithm

The SYSREM algorithm (?) models the dominant systematic
trends in the spectral matrix as separable components that vary
across wavelength and time. In the classical formulation, the sys-
tematic component, My, is represented as the outer product of
two vectors:

My = ciaj = ca’, (B.1)

where a € RMixt describes the wavelength-dependent com-
ponent across spectral pixels, and ¢ € RV represents its tem-
poral variation across frames.

The optimal coefficients are obtained by minimizing the
weighted residual sum of squares:

2 (r,-j - Cﬂlj)z
§2= Z — (B.2)

bJ ij
where r;; denotes the residual spectral matrix and o is the
uncertainty associated with each data point.
The minimization is performed iteratively using an alternat-
ing least-squares procedure. First, fixing a;, the coefficients ¢;
are updated as

¢ = —a’ (B.3)
z(%)
ij
Then, fixing c;, the coeflicients a; are updated as
aj= ~ (B.4)

2\
%.(%)
ij
After convergence, the modeled systematic trend is removed
from the residual matrix:

rij < rij — Cia;. (BS)

This procedure can be repeated iteratively to remove addi-
tional systematic components.
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Appendix C: Retrieval

Table C.1: Parameter values from the retrievals.

Parameter Joint retrieval JWST-only retrieval CRIRES™ fixed retrieval — Prior range Unit

T 2600 + 1600 2300 + 1400 3114 (fixed) 100 0 5000 K
T> 2300* 1350 2100* 290 3151 (fixed) 100t0 5000 K
T3 2100* 1790 1880*520° 3236 (fixed) 1000 5000 K
T4 1730+ 4190 1710*399 2524 (fixed) 100t0 5000 K
Ts 15107550 15307839 1941 (fixed) 10005000 K
Ts 1480*219 1440+6%0 1494 (fixed) 100t0 5000 K
T 1710%320 16507339 1868 (fixed) 100t0 5000 K
Tg 2480*13 2460* 130 2501 (fixed) 100t0 5000 K
Ty 2550* 750 2510*53% 2672 (fixed) 100t0 5000 K
Tho 260071390 250071290 3005 (fixed) 100t0 5000 K
log (CO) -6.2*27 -9.4%43 ~3.59%0:12 -10t0 0

log(H,0)  —4.92+33] -5.06*93% —4.78%049 -10t0 0

log (CO,) -7.6%18 -10to 0

log (OH) —6.6733 -10to 0

log (CHy) ~7.6 1.7 -10t0 0

log (HCN) -7.2*1% -10to 0

log (Fe) -6.6+23 -10t0 0

log(Peioua) ~ —0.10*529 -0.0439, 0.787084 -8t02  log(bar)
Ag 0.37 +0.10 0.39*91¢ 0tol

B 0.82+0:00 0.82+0:00 0to 10

Veq 4.9*35 2.7 0t020  kms™
Av —0.6% 4 (fixed) 201020  kms™!
Ky 218.2*89 213 (fixed) 100t0 300  kms™'
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Fig. C.1: Corner plot of the posterior distributions obtained from the retrieval using the JWST NIRISS/SOSS data alone.
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Fig. C.2: Corner plot of the posterior distributions
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