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A B S T R A C T 

WASP-12 b is an ultra-hot Jupiter of special interest for atmospheric studies since it is on an inspiraling orbit in an extreme 
environment of intense radiation and circumstellar gas. Previously claimed detections of active mass-loss from this planet are 
contro v ersial across the literature. To address this contro v ersy, we obtain two new transit observations of WASP-12 b with the 
optical high-resolution PEPSI spectrograph on the Large Binocular Telescope. Contrary to previous work, we do not observe 
planetary H α absorption and rule out the amplitude of previously reported detections. Our non-detection may be limited by the 
sensitivity of our data or could indicate weaker mass-loss than suggested by previous studies. We conduct injection-reco v ery 

experiments to place constraints on the radial extent of WASP-12 b’s escaping atmosphere as probed by Balmer lines, but 
find that our data do not have the sensitivity to probe down to the planet’s Roche lobe. Using physically moti v ated models of 
atmospheric escape, we explore upper limit constraints on the planet’s mass-loss rate and deem the data quality in the wavelength 

regime of Balmer lines insufficient to determine a physically meaningful constraint. We also conduct a spectral surv e y of other 
optical absorbers to trace atmospheric circulation but detect no additional absorption. We conclude that previous claims of H α

absorption from the atmosphere of WASP-12 b should be ree v aluated. Gi ven the anticipated line strength of Balmer/optical 
features, observing the atmosphere of this faint target will require stacking more observations even with the largest telescope 
facilities available. 

Key words: exoplanets – planets and satellites: atmospheres – planets and satellites: gaseous planets – methods: observational –
techniques: spectroscopic telescopes. 
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 I N T RO D U C T I O N  

mong the diverse menagerie of exoplanets discovered to date, 
ASP-12 b (Hebb et al. 2009 ) is one of the most extreme worlds

 R p = 1 . 9 R jup , M p = 1 . 47 M jup , P ≈ 1 . 09 d, T eq = 2580 K; Collins,
ielkopf & Stassun 2017 ), displaying exotic phenomena unlike 

nything in our own Solar system. It was the first system to confirm
redictions from theory that some close-in giants may have decaying 
rbits due to tidal interactions with their host stars (Maciejewski et al.
016 ; Yee et al. 2020 ; Turner, Ridden-Harper & Jayawardhana 2021 ). 
ith an inspiral time-scale of ≤ 2 . 9 ± 0 . 14 Myr (Efroimsky &
akarov 2022 ), WASP-12 b is an ideal testbed for probing the tidal

uality and, in effect, the interiors of irradiated gas giants (Barker &
gilvie 2009 ; Patra et al. 2017 ; Weinberg et al. 2017 ; Maciejewski

t al. 2018 , 2020 ; Millholland & Laughlin 2018 ; Bailey & Goodman
019 ). Recently, Efroimsky & Makarov ( 2022 ) demonstrated that 
ASP-12 b’s orbital decay is consistent with tidal dissipation and 
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ts tidal quality factor is comparable to Jupiter’s. Such gravitational 
nfluences distort WASP-12 b into a prolate, disrupted planet being 
evoured by its host star as indicated by the imprint of the planet’s
eometry on its light curve (Li et al. 2010 ; Akinsanmi et al.
024 ). 
Spectroscopic investigation of the WASP-12 system generally 

orroborates the aforementioned findings. The host star’s lack of the 
ine core emission from tracers of chromospheric activity (Mg II h&k
nd Ca II H&K) that is typical for stars of comparable spectral type
between late-F and early-G) and age ( ∼ 2 Gyr) has been suggested
s evidence of additional absorption from a circumstellar torus of 
aterial (Haswell et al. 2012 ; Bonomo et al. 2017 ; Debrecht et al.

018 ; Haswell 2018 ). This is further supported by WASP-12 b’s early
ngress near -ultra violet (near -UV) absorption reported in Fossati 
t al. ( 2010 ), suggesting the disc material is perhaps stripped from
he planetary atmosphere, although the possibility of ejected plasma 
ebris from outgassing of a Trojan satellite or exomoon has also
een proposed (Haswell et al. 2012 ; Fossati et al. 2013 ; Ben-Jaffel &
allester 2014 ; Kislyakova et al. 2016 ; Debrecht et al. 2018 ). A
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Table 1. Observing log of WASP-12 b transit observations: columns provide the night number, date of observation, telescope observing mode (default is 
binocular, but can be monocular in unexpected circumstances), UTC start and end times of observing, number of exposures per night, exposure times in seconds 
for PEPSI blue and red arms, and average single exposure SNR per pixel for PEPSI blue ( λ4800–5441) and red arms ( λ6278–7419). 

Night Date Observing mode t start (UTC) t end (UTC) N obs t exp , blue (s) t exp , red (s) Airmass SNR blue SNR red 

1 2020-11-22 Binocular 07:12:38.0 13:15:34.6 24 900 900 1.0013–1.451 97.3 135.5 
2 2020-12-27 Monocular 04:47:32.2 10:18:53.8 22 900 900 1.0015–1.2761 67.1 94.2 

d  

t  

m  

i  

2
 

(  

m  

f  

2  

t  

w  

l  

r  

H  

C  

A  

n  

p  

t
 

a  

a  

t  

H  

i  

o  

t  

C  

r  

w  

e  

S  

w  

f  

h  

S  

l  

o  

c  

s

2

W  

b  

I  

m  

n  

R  

w  

F  

S  

s  

m  

a  

n  

o
 

s  

t  

a  

7  

2  

7  

h  

m  

2  

c  

i  

2  

s

3

W  

s  

s

 

r
 

p

 

s
 

t

 

a  

v  

r  

a  

s  

R  

o  

n  

3  

o  

(  

a  

i  

1 https:// astroutils.astronomy.osu.edu/ time/ utc2bjd.html 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/2/1829/7899819 by guest on 24 D
ecem

ber 2024
eeper investigation of the planet’s atmosphere in the UV during
ransit provides indirect evidence for the presence of numerous
etals (Al II , Fe II , Mg II , Mn I / II , Na I , Sc I , Sn I , V II , and Yb II )

n its e xosphere, indicativ e of a hydrodynamic outflow (Fossati et al.
010 ; Haswell et al. 2012 ). 
Transmission spectroscopy in the optical at medium resolution

 R ∼15 000 with the high-resolution spectrograph (HRS) on the 10-
 Hobby–Eberly Telescope, HET) revealed H α and Na I absorption

rom the planetary atmosphere, but no H β or Ca I (Jensen et al.
018 ). Their work remains inconclusive on the radial extent of
he n = 2 hydrogen population probed by their H α detection and
hether or not the probed atmosphere o v erfills the planetary Roche

obe, an independent indication of active hydrodynamic escape. More
ecent work by Czesla et al. ( 2024 ) reports no extended atmospheric
 α absorption from transit observations of WASP-12 b with the
ARMENES HRS ( R ∼ 94 600) on the 3.5-m telescope at the Calar
lto Observatory. Kreidberg & Oklop ̌ci ́c ( 2018 ) report a notable
on-detection of helium, another tracer of atmospheric escape, in the
lanet’s exosphere from the metastable triplet feature in the infrared;
his non-detection is further supported by Czesla et al. ( 2024 ). 

In this work, we extend the optical exploration of WASP-12 b’s
tmosphere to higher resolution ( R ∼ 130 000) and larger telescope
perture (2 × 8.4 m, with an ef fecti ve aperture size of 11.8 m) with
he PEPSI spectrograph on the Large Binocular Telescope (LBT).
igher resolution can provide clarity on velocity information that

s lost at lower resolutions to constrain the dynamics of a planetary
utflow as well as circulation in the upper atmosphere. Furthermore,
he LBT’s larger telescope aperture relative to the HBT and the
ARMENES instrument is more sensitive to low signal-to-noise

atio (SNR) planetary signals. We conduct transmission spectroscopy
ith PEPSI-LBT to follow-up the investigation of H α in Jensen

t al. ( 2018 ) as well as other metal species at optical wavelengths. In
ection 2 , we describe the details of the two transit observations
e obtained with PEPSI. In Section 3 , we outline our pipeline

or reducing the data. In Section 4 , we discuss constraints on the
ydrogen envelope’s radial extent from injection-recovery tests.
imilarly, we attempt to place constraints on the planet’s mass-

oss rate in Section 5 . Section 6 describes our search for other
ptical absorption in WASP-12 b’s atmosphere and we discuss our
onstraints in the context of previous work and other comparable
ystems. We present our conclusions in Section 7 . 

 OBSERVATION S  

e conduct high-resolution transmission spectroscopy of WASP-12
 using the optical Potsdam Echelle Polarimetric and Spectroscopic
nstrument (PEPSI; Strassmeier et al. 2015 ) on the LBT (two 8.4-
 mirrors, ef fecti ve aperture of 11.8 m in binocular mode; Wag-

er 2008 ). We use data from cross-dispersers III ( ∼4800–5441 Å,
 = 130 000) and V ( ∼6278–7419 Å, R = 130 000) for the necessary
av elength co v erage to observ e Balmer-line features (H α and H β).
rom the standard PEPSI pipeline (Ilyin 2000 ; Strassmeier, Ilyin &
teffen 2018 ), we obtain continuum-normalized, order-stitched 1D
NRAS 535, 1829–1843 (2024) 
pectra for every exposure, each corrected for solar barycentric
otion. These spectra from the pipeline are ready to be directly

dopted by the procedure described in Section 3 . We analyse two
ights of observations in this work; see Table 1 for details about the
bservations. 
Both data sets include observations taken during transit as well as

everal immediately before and after the transit to establish an out-of-
ransit baseline. We adopt an exposure time of 900 s for both PEPSI
rms. On Night 1, the continuum SNR per exposure ranged between
7 to 113 in the blue arm and 106 to 156 in the red arm. On Night
, the continuum SNR ranged between 52–77 in the blue arm and
3–107 in the red arm. As indicated in Table 1 , Night 2 observations
ave lower SNR because the LBT was configured in monocular
ode for simultaneous observation with the LUCI (Seifert et al.

003 ) instrument (these data are not rele v ant for this work). We
onverted all observation timings from the provided JD UTC timings
nto BJD TDB using the Time Utilities 1 online software tool (Eastman
012 ) to make them comparable with the ephemeris of the WASP-12
ystem given in Wong et al. ( 2022 ). 

 M E T H O D S  

e follow a procedure for transmission spectrum construction
imilar to that in Pai Asnodkar et al. ( 2022 ). To extract transmission
pectra of WASP-12 b’s atmosphere, we 

(i) perform least-squares deconvolution (LSD) to reco v er stellar
adial velocities (RVs), 

(ii) perform a Keplerian RV curve fit to recover the orbital
roperties of the host star, 
(iii) shift all observations to the stellar rest frame, 
(iv) divide all observations by a combined stellar spectrum con-

tructed from out-of-transit observations, 
(v) apply the SYSREM (Tamuz, Mazeh & Zucker 2005 ) algorithm

o remo v e systematic effects. 

We will proceed to describe each of these steps in further detail. 
We are interested in the probing the dynamics of the planet’s

tmosphere. This will require spectroscopically measuring the radial
elocity (RV) of the planet’s atmospheric absorption signature
elative to the orbital motion of the planet. The first step towards
chieving this requires shifting to the stellar rest frame to remo v e the
tellar component, which requires knowing the systemic velocity and
V semi-amplitude of the host star. We extract the orbital properties
f the host star from the out-of-transit observations taken on both
ights of observation using LSD and RV fitting as described in section
.1 of Pai Asnodkar et al. ( 2022 ). First, we generate template spectra
f the star in the IDL software SPECTROSCOPY MADE EASY (SME)
Valenti & Piskunov 1996 , 2012 ) at 21 different limb-darkening
ngles using the VALD3 linelist for a T eff = 6360 K star as an
nput. We integrate across the stellar disc, which we treat as a grid

https://astroutils.astronomy.osu.edu/time/utc2bjd.html
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f 0 . 01 R � × 0 . 01 R � cells, and continuum-normalize to construct a
tellar template spectrum. We then conduct LSD (Donati et al. 1997 ;
ochukho v, Makaganiuk & Piskuno v 2010 ) to reco v er the empirical
roadening profiles of the out-of-transit observations of the host 
tar. The broadening kernel includes a Gaussian component from 

nstrumental broadening (Strassmeier et al. 2018 ) and a rotational 
roadening component as defined analytically in Gray (2005) . We 
lobally fit the empirical profiles with a model that is the convolution
f the Gaussian and rotational components. The centroids of the 
odel fit to each empirical profile is the RV of the star at the orbital

hase corresponding to the observation. The centroids are determined 
ccording to a circular orbital solution: 

 � ( t) = K � sin 
( t − t 0 

p 

)
+ v sys . (1) 

he free parameters in our model of the line-broadening profiles 
re the stellar linear limb-darkening coefficient, v sin i � , stellar RV 

emi-amplitude ( K � ) and the systemic velocity measured by the 
EPSI instrument ( v sys ). A multiplicative scaling factor and an 
dditi ve of fset are included as nuisance parameters in the fitting.
he multiplicative scaling factor rescales the analytical kernel to 
atch the amplitude of the empirical deconvolved line profiles. The 

dditi ve of fset is necessary because the empirical deconvolved line 
rofiles may not have a baseline centred at 0 due to a lack of flux
onservation between the template and observed spectra. K � and 
 sys are our parameters of interest for shifting our observations to 
he stellar rest frame. In our fitting procedure, we restrict the linear
imb-darkening coefficient between 0.3867 and 0.4903 according 
o the range of plausible values given in Claret 2017 . Note that
inear limb-darkening laws are known to be an o v ersimplification of
tellar intensity profiles. Ho we ver, this simplified broadening profile 
s sufficient to determine the centroids of the observed line profiles to
onstrain K � within � 0.05 km s −1 uncertainties as described in the
roceeding bootstrapping procedure. This uncertainty on K � , which 
e use to shift the spectra to the stellar rest frame, is well within the
1–2 km s −1 uncertainties on the RV of the planet’s atmospheric 

bsorption we expect with PEPSI (Pai Asnodkar et al. 2022 ). 
We apply least-squares fitting to determine the best-fitting parame- 

ers. To estimate parameter uncertainties, we bootstrap the residuals 
f the flat region of the deconvolved kernel, add the samples to
he best-fitting model kernel, and refit the line profiles. We obtain 
 stellar RV semi-amplitude of K � = 0 . 3288 + 0 . 0158 

−0 . 0392 km s −1 and a
ystemic velocity of v sys = 19 . 275 + 0 . 0243 

−0 . 0066 km s −1 . This is consistent
ith the 20 . 62 ± 1 . 44 km s −1 reported on the Gaia archive (Gaia
ollaboration 2021 ). We caution that our value for K � may be skewed

ince we are limited by the phase co v erage of our observations;
ollins et al. ( 2017 ) report 0 . 2264 ± 0 . 0041 km s −1 , which differs

rom our measurement by 6.3 σ . Ho we v er, this discrepanc y in K � 

hould not significantly affect the shift to the stellar rest frame 
 v er the limited phase co v erage of our observations during transit,
t least not beyond the measurement uncertainties of the planet’s 
tmospheric dynamics which we can measure within 1–2 km s −1 at 
est as previously mentioned. 
Next, we shift all of our spectra for a given night of observation

o the stellar rest frame according to our empirically derived orbital 
arameters of the star. We then take the error-weighted mean of the
ut-of-transit observations to obtain a combined stellar spectrum. We 
ivide the combined stellar spectrum out of all of our observations 
o remo v e the dominant stellar component and rev eal the absorption
eatures from the planet’s atmosphere in transmission. This operation 
hould yield roughly flat spectra for the out-of-transit observations 
nd potentially spectra with absorption features from the planetary 
tmosphere for the in-transit phases. Unlike in Pai Asnodkar et al.
 2022 ), we do not see traces of a Doppler shadow from the
ossiter–McLaughlin effect (McLaughlin 1924 ; Rossiter 1924 ) in 

he resulting transmission spectra since the host star WASP-12 is a
low rotator with v sin i � = 1 . 6 + 0 . 8 

−0 . 4 km s −1 (Albrecht et al. 2012 ).
his is consistent with Husnoo et al. ( 2011 ); therefore, we do not
odel the Doppler shadow in subsequent analysis. 
In addition to the lack of the Doppler shadow due to slow rotation,

nother deviation from the data reduction in Pai Asnodkar et al.
 2022 ) is the addition of the SYSREM algorithm to this pipeline. The
ost star is not a rapid rotator, so we can see deep absorption lines
rom the stellar photosphere in our observations. Since the scatter in
tellar spectral flux across observations is roughly uniform o v er the
avelengths of observation, the SNR at the core of a stellar absorption 

eature is significantly lower than in the continuum. As a result, when
e divide out the combined stellar spectrum, we obtain noisy residual

treaks across observations at the wavelengths corresponding to a 
tellar absorption line (see Fig. 1 ). Similar streaks have been observed
reviously in PEPSI transmission observations of the 55 Cnc system 

Keles et al. 2022 ) and in CARMENES observations of our target
ystem WASP-12 (Czesla et al. 2024 ). 

We attempt to mitigate this undesirable artefact by employing 
he SYSREM algorithm (Tamuz et al. 2005 ) to filter out systematics
cross observations. SYSREM operates like an extension of principle 
omponent analysis to iteratively identify linear systematic effects. 
he performance of the algorithm is determined by two parameters: 

1) the number of systematics being identified and (2) the number of
hi-squared minimization iterations for each systematic. As shown 
y the vertical streaks in Fig. 1 , this procedure is insufficient to
ompletely remo v e the artefact. Ho we ver, it is more ef fecti ve at
emoving systematics across cross-correlated data (see Section 6.1 ). 
urthermore, the streak is relatively stationary in velocity space 
round 0 km s −1 (since the observations have been shifted to the
tellar rest frame and, in general, the star should be close to stationary
n the context of the velocities spanned in Fig. 1 ) while the planet’s
bsorption signature should range roughly between –60 and 60 km 

 

−1 o v er the course of its transit across the stellar disc (assuming no
dditional RV shifts from atmospheric dynamics). Thus, we expect 
hese two signatures to be distinct in velocity space and we should
till be able to see traces of the planet’s atmospheric absorption if
ny such features are sufficiently high signal. For example, fig. 3 of
ounzer et al. ( 2022 ) shows an example of excess sodium absorption

rom KEL T -11 b’s atmosphere during transit in spite of an obstructive
tellar line core artefact. 

SYSREM also minimizes telluric contamination because the 
pectra are shifted by at most ∼0.42 km s −1 relative to each other
o convert from Earth’s rest frame into WASP-12’s stellar-frame, 
o telluric absorption is relatively stationary across observations. 
urthermore, tellurics are more pre v alent in the PEPSI red arm
bservations, which we only use to search for H α absorption, a
eature in a wavelength windo w relati vely free of strong tellurics
Smette et al. 2015 ). We only use blue arm observations (in which
ellurics are negligible) for the cross-correlation analysis in Section 
.1 . Thus, tellurics are not a significant concern in this work. 

 C O N S T R A I N I N G  T H E  R A D I A L  EXTENT  O F  

A SP-12  B’S  H Y D RO G E N  ENVELOPE  

.1 Balmer-line absorption 

ince ultra-hot Jupiter (UHJs) like WASP-12 b experience stellar 
rradiation that is strong enough to thermally dissociate molecular 
MNRAS 535, 1829–1843 (2024) 
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(a) (b)

Figure 1. Panel (a): non-detection of planetary atmospheric absorption around H α line (6562.83 Å) in Night 1 data. The top panel are the order-stitched, 
continuum-normalized stellar spectra from the PEPSI pipeline where the colour bar represents flux after continuum normalization. The second panel are the 
spectra with the stellar component remo v ed, i.e. the out-of-transit combined stellar spectrum has been divided out and the result is subtracted by 1 such that 
the baseline flux of the star fluctuates around zero; red (values greater than zero) indicates excess emission while blue (values less than zero) indicates excess 
absorption. The third panel shows the spectra from the second panel after applying SYSREM (2 systematics, 100 iterations per systematic). The fourth and 
bottom panel displays the difference between the second and third panels. In all panels, the green horizontal dashed lines indicate the phases of first and fourth 
contact of transit while the purple horizontal dashed lines indicate the phases of second and third contact. The black-dashed line maps out the planet’s expected 
orbital RV o v er the course of its transit based on the system parameters provided in Collins et al. ( 2017 ). The assignment of orbital phases to each observation is 
dependent on our adopted mid-transit timing from Wong et al. ( 2022 ), which has an uncertainty of 6.22 s. If the mid-transit time were off by 1 σ , it would shift 
the track horizontally by ∼0.1 km s −1 . Panel (b): same as (a), but around H β line (4861.34 Å). 
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 ydrogen, neutral h ydrogen is expected to be a dominant species
n their upper atmospheres. Hydrogen Balmer lines in planetary
tmospheres can probe neutral hydrogen at high altitudes and the
scape regime (Jensen et al. 2018 ; Yan & Henning 2018 ; Casasayas-
arris et al. 2019 ; Cauley et al. 2019 ; Cabot et al. 2020a ; Yan et al.
021 ). In our wavelength regime with PEPSI cross-dispersers III and
, we can observe the H α (6562.83 Å) and H β (4861.34 Å) features

Wiese & Fuhr 2009 ). Just by eye, we do not observe any excess
bsorption attributable to planetary absorption around either of these
avelengths (see e.g. Fig. 1 ); likewise, we do not observe planetary
almer-line absorption in publicly available archival HARPS-North

ransit data sets (2017 December 23 and 2018 No v ember 14). 2 We
ttempt a quantitative recovery of Balmer-line signals in transmission
sing Bayesian parameter estimation and a model of the planet’s
tmospheric absorption that is described further in Section 4.2 ,
ut still reco v er no signal. This is consistent with the absence of
tmospheric H α absorption from CARMENES data reported in
zesla et al. ( 2024 ), but in tension with the strong detection in Jensen
t al. ( 2018 ). See Section 4.2 for a quantitati ve frame work for placing
pper limit constraints on the radial extent of WASP-12 b’s hydrogen
nvelope. 

We note that Kreidberg & Oklop ̌ci ́c ( 2018 ) and Czesla et al. ( 2024 )
eport non-detections of helium, another commonly adopted tracer
f atmospheric escape. It has been noted that the metastable helium
NRAS 535, 1829–1843 (2024) 

 http:// archives.ia2.inaf.it/ tng/ 

(  

h  

m  

t  
riplet can be insufficiently populated for atmospheres receiving low
xtreme-UV and X-ray irradiation from their host stars (S ́anchez-
 ́opez et al. 2022a ). Ho we ver, this is unlikely to be applicable to
ASP-12 b considering the helium triplet has been observed in
D 209 458 b (Alonso-Floriano et al. 2019 ), which orbits a G0

tar of a similar spectral type as WASP-12 b’s host. On the other
and, the UV flux of the host star WASP-12 may be anomalous
or its spectral type as indicated by its lack of emission in the line
ores of the Mg II h&k stellar activity tracers (Fossati, Haswell &
roning 2011 ), although this has also been speculatively attributed

o absorption from a circumstellar disc of escaping gas from the
lanet or potential Trojan satellites. The metastable state of helium
an also be depopulated in the most extreme UHJ atmospheres (like
ASP-12 b) exposed to high near-UV flux (Oklop ̌ci ́c 2019 ). 

.2 Injection-reco v ery analysis of Balmer lines 

lthough we do not observe any excess Balmer absorption from the
lanetary atmosphere during transit, we place upper limit constraints
n the radial extent of WASP-12 b’s hydrogen envelope based on
he noise properties (scatter of the transmission spectra with the
tellar component divided out) of our data sets. The aim of this is to
etermine if the planet’s atmosphere is confined within its Roche lobe
Eggleton 1983 ) and is thus unlikely to be in the regime of strong
ydrodynamic escape. We conduct an injection-reco v ery analysis,
odelling planetary absorption observed with transmission spec-

roscopy as a Gaussian feature broadened by instrumental effects.

http://archives.ia2.inaf.it/tng/
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(a) (b)

Figure 2. Panel (a): injection (top panel), recovery (model fit in middle panel), and residuals (difference map between injected data and model fit, bottom 

panel) of a planetary H α signal comparable to the detection in Jensen et al. ( 2018 ). Note that this plot is showing a simulated H α feature incorporating the noise 
of our spectroscopic observations and does not depict a true, measured absorption feature in our PEPSI data. As in Fig. 1 , red indicates excess emission and 
blue indicates excess absorption. Panel (b): corner plot of parameter posterior distributions from MCMC sampling. The green lines identify the true injected 
parameters and fall within the 1 σ regime of the sampled distributions, indicating that the injected signal is successfully reco v ered. The injected signal is retrieved 
with an SNR of 5 σ . 
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ote that the true line profile from a hydrodynamic outflow will not
e a pure Gaussian due to a combination of thermal, rotational, 
nstrumental, and outflow expansion velocity broadening effects. 
o we ver, we do not expect the precise line shape of the model

o significantly affect our injection-reco v ery analysis giv en the data
uality. 
We first generate Gaussian signals to represent the planet’s Balmer- 

ine absorption. Adopting the system parameters from Collins et al. 
 2017 ), the translation from atmospheric radial extent R ext to the
epth of the Gaussian absorption feature δ is 

= 

R 

2 
ext − R 

2 
p 

R 

2 
� 

. (2) 

The widths of the Gaussian signals we inject are moti v ated by
imits taken from observations and models of other UHJs. Across 
he literature, the observed full width at half-maximum (FWHM) 
f Balmer absorption from an UHJ ranges from ∼ 20 to 50 km s −1 

Casasayas-Barris et al. 2019 ; Wyttenbach et al. 2020 ; Borsa et al.
021 ; Zhang et al. 2022 ). We take 20 km s −1 as the lower limit and
dopt 60 km s −1 as the upper limit on the FWHM of the signals
e inject according to a multispecies hydrodynamic model of a 
ASP-121 b (Huang et al. 2023 ), a planet with properties very

imilar to WASP-12 b. The Gaussian signal is convolved in a flux-
onserving manner (constant equi v alent width) with an instrumental 
roadening kernel. PEPSI’s instrumental broadening is captured by 
 Gaussian kernel with an FWHM in velocity units of c 

R 
, where c is

he speed of light and R is the spectral resolution of the data ( R =
30 000). The resulting signal is subtracted from 1 (continuum) and 
njected (multiplied) into our normalized observations as an H α or 
 β absorption feature, where the centre of the signal is offset from

he central wavelength according to the radial orbital motion of the 
lanet; this offset calculation is analogous to equation ( 1 ), except
he planet’s projected orbital velocity ( K pl ) is used in place of K � 

nd the planet’s net RV offset in the stellar rest frame (set to 0 km
 

−1 ) is used instead of v sys . In doing so, the noise properties of
he observations are incorporated in the simulated data. We assume 
he planet’s orbital motion is circular with projected orbital velocity 
 pl = 

2 πa pl 

P 
= 231 . 7 km s −1 based on orbital parameters from Wong

t al. ( 2022 ) and that there are no additional velocity offsets from
tmospheric dynamics. 

To find the upper limit constraint on the planet’s radial extent, we
se the root-finding routine ( SCIPY.OPTIMIZE.R OO T ) to minimize R ext 

ntil the SNR of the injected feature in the simulated data is at least 3.
o calculate SNR, we first stack all in-transit simulated observations 

n the planet’s rest frame. We define SNR of the resulting stacked
bsorption feature as follows: 

NR = 

A 

RMS × FWHM 

. (3) 

n equation ( 3 ), the signal A is the planetary absorption signal in the
imulated data subtracted from the continuum and integrated over the 
elocity range that spans the FWHM of the signal. The denominator
aptures the noise, in which RMS is the root mean square (RMS)
rror of the residuals within the FWHM of the signal, i.e. 

MS = 

√ ∑ N 

i= 1 ( data i − model i ) 2 

N 

(4) 

or N data points across the FWHM of the absorption line in all
n-transit observations. To make the noise an area comparable to the
ntegral, we use for estimating the signal in equation ( 3 ), we scale
he RMS by FWHM, which is the FWHM of the absorption line. 
MNRAS 535, 1829–1843 (2024) 
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Figure 3. Upper limits (3 σ ) on WASP-12 b’s hydrogen envelope compared 
to (1) the planet’s Roche lobe projected on to the transit plane as perceived 
with transmission spectroscopy and (2) H α radial extent reported in Jensen 
et al. ( 2018 ). 
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To ensure the injected 3 σ signals can be retrieved amidst the
bservational noise, we perform model fitting with MCMC sampling
sing EMCEE (F oreman-Macke y et al. 2013 ); see Fig. 2 . The model
hat we fit to the simulated data is the same model used to generate
he injected signal. We adopt a Bayesian framework for sampling
he parameter space with MCMC applying linearly uniform priors
nd marginalize o v er model parameters, i.e. K pl (planet RV semi-
mplitude), v offset (net RV offset of signal relative to the stellar rest
rame), σ (Gaussian width), and δ (absorption depth) as shown in Fig.
 as an example. The ability to reco v er the injected model parameters

s limited by the noise quality of the data. We use − χ2 

2 as the log-
ikelihood of a given model and scale the priors by the number of
lements in the observed flux map before summing the log-prior
nd log-likelihood to obtain the log-posterior probability. We run
he EMCEE sampler with 10 w alk ers until the following convergence
riteria are met (1) the estimated autocorrelation time is 1 per cent
f the chain length and (2) the estimated autocorrelation time has
hanged by less than 1 per cent, checking every 100 steps. We
onsider a signal successfully reco v ered if the posterior distributions
f all parameters appear sufficiently Gaussian or converged. 
Fig. 3 provides a summary of our upper limits on WASP-12 b’s

ydrogen envelope as probed by H α and H β for both nights of
bservation. 

.3 Upper limits on WASP-12 b’s excited-state hydrogen radial 
xtent are abo v e the planet’s Roche lobe 

e define the lowest value of R ext that yields a 3 σ signal as our
mpirical upper limit constraint on the radial extent of WASP-12
’s hydrogen envelope (see Fig. 3 ). The disparity in the upper limit
onstraints on radial extent between different absorption features
nd data sets arises from the empirical noise corresponding to the
av elength re gime of that feature for that night of observation. It

s worth noting that the noise in the red arm observations near
he wavelength regime of H α is very similar for both nights of
NRAS 535, 1829–1843 (2024) 
bservation, while the blue arm observations near H β have larger
catter (by a factor of ∼1.5) in Night 2 observations than Night 1;
his is why both nights yield similar upper limits on radial extent
robed by H α, but a smaller radial extent from H β with Night 1 data
han Night 2. Since the blue arm is generally noisier than the red
rm, we get tighter constraints from the H α upper limits than H β. 

From Fig. 3 , it is evident that for individual nights of observation,
e are unable to constrain the radius of the planet’s neutral hydrogen

nvelope down to its Roche lobe given our data quality. In this situa-
ion, the planet may have a hydrodynamically escaping atmosphere
hat extends beyond the Roche lobe but below our sensitivity, or it
ay have a weakly escaping atmosphere confined within the Roche

obe. As indicated by the purple star in Fig. 3 , even when we stack
oth nights, we find that at best the FWHM = 60 km s −1 scenario
s observable in H α with ≥ 3 σ confidence if R ext ≥ 3 . 39 R jup , which
s well abo v e WASP-12 b’s transit plane-projected Roche lobe of
.16 R jup . 
The true conditions (temperature and hydrogen number density)

n WASP-12 b’s upper atmosphere remain elusive due to the
bsence of an observable absorption signature, so we are unable
o conclusively make a statement about the status of WASP-12 b’s
tmospheric escape from our upper limit constraints on its Balmer-
ine photosphere. In Section 5 , we investigate the possibility that

ASP-12 b’s mass-loss may be much weaker than expected based
n other UHJs. 

.4 Tension with Jensen et al. (2018) 

e inject an H α signal of a similar strength as the detection in
ensen et al. ( 2018 ) measured with the HRS (Tull 1998 ) on the HET
Ramsey et al. 1998 ; Hill et al. 2021 ), in our Night 1 observations; see
ig. 2 . We set the absorption depth to 0.06 based on fig. 9 of Jensen
t al. ( 2018 ). We choose a Gaussian standard deviation corresponding
o the planet’s rotational velocity (assuming the planet is tidally
ynchronous with the star) at R pl (9.05 km s −1 ). This is narrower than
ny width we consider in our injection-reco v ery analysis in Section
.3 and amounts to a width of ∼0.2 Å; the equi v alent width of the
ignal we inject is –29.8 m Å, which is less than half the equi v alent
idth of WASP-12 b’s H α signature of –64.9 m Å reported in Jensen

t al. ( 2018 ). Note that a real signal would appear narrower and
eeper in PEPSI data than the HRS data from Jensen et al. ( 2018 )
ecause PEPSI ( R ∼ 130 000) is higher resolution than HRS ( R ∼
5 000); ho we v er, instrumental broadening preserv es total flux, so
he equi v alent width of both signals should be the same. Since our
njected signal’s equi v alent width is less than that of the H α feature
resented in Jensen et al. ( 2018 ), it should be more challenging
o reco v er. Nev ertheless, we are able to retriev e this signal with
n SNR of 5 σ . Therefore, we have the data quality to detect an
 α absorption feature with the same properties as the strong signal
etected in Jensen et al. ( 2018 ), so our incongruent lack of such a
etection challenges the collective understanding of the WASP-12
ystem across the literature. 

To explore this discrepancy with Jensen et al. ( 2018 ) in further
etail, we run their H α observations from HRS through our data
nalysis pipeline. Our extraction of the transmission spectrum can
e seen in Fig. 4 . Since these data are not uniformly sampled in phase,
e present the spectra in order of increasing phase from bottom to top.
he horizontal green-dashed lines indicate first and fourth contact;

hus observations between these lines were taken during transit. We
orrect for the 18.75 km s −1 systemic RV adopted in Jensen et al.
 2018 ) according to Gaia Collaboration ( 2016 ). These data present
 potentially transit-correlated absorption signal as indicated by the
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Figure 4. Transmission spectra using the HET data sets from Jensen 
et al. ( 2018 ), extracted by our pipeline. As in Fig. 1 , red indicates excess 
emission and blue indicates excess absorption. Horizontal green-dashed lines 
correspond to first and fourth contact. 
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lue streak. Ho we ver, this signal is stationary in RV, whereas a signal
rom a close-orbit planet like WASP-12 b should span a range of RVs
etween ∼ −60 and 60 km s −1 o v er the course of its transit due to the
lanet’s orbital motion. Furthermore, the absorption depth is a factor 
f ∼4 to 12 times deeper than we expect from atmospheric escape
odels and what is observed from similar systems (see Section 5 ).
hile it may have planetary origins that can be explained by exotic

hysical mechanisms, we believe this signature is the residual from 

he removal of the noisy stellar line core, much like the artefact we
ee in our PEPSI transmission spectra for this system. This is not
ddressed in Jensen et al. ( 2018 ). Thus while these data do appear
o present potentially astrophysical signals, we believe the planetary 
rigin of this signal remains to be determined and presents a challenge 
o theoretical models of atmospheric escape. 

 UPPER  LIMIT  C O N S T R A I N T  O N  H Y D RO G E N  

ASS-LOSS  R AT E  

.1 Model injection-reco v ery with P-WINDS 

he primary quantity of interest in studies of atmospheric escape is
he mass-loss rate of the planetary atmosphere ( Ṁ pl ), which can shape
he evolution of a planet o v er the course of its lifetime if sufficiently
igh. Constraining this mass-loss rate requires a physically moti v ated 
odel of the outflow structure and a radiative transfer scheme for

stimating transmission spectroscopy signals. We adopt the open- 
ource code P-WINDS (Dos Santos et al. 2022 ) for this purpose. This
ode assumes the outflow can be approximated by an isothermal, 
urely H–He Parker wind and solves for steady-state ionization 
alance. It also includes a module for ray-tracing and radiative 
ransfer to calculate the in-transit spectrum. 
We note that this code is intended for modelling metastable He
bsorption (Oklop ̌ci ́c & Hirata 2018 ) and does not include a routine
or estimating Balmer series population lev els. F or this reason, we
rimarily use P-WINDS to estimate the outflow structure (velocities 
nd individual species number densities as a function of radius) 
or a given mass-loss rate. For this step, we: (1) use the planetary
arameters from Collins et al. ( 2017 ), (2) assume a hydrogen number
raction of 0.9, (3) assume solar abundances of carbon and oxygen
the two metal species included this model), and (4) scale the solar
igh-energy spectrum 

3 for WASP-12 b’s orbital configuration to 
stimate the wavelength-dependent photoionizing instellation upon 
he planet. We also enable P-WINDS ’s functionality to include tidal
ffects since WASP-12 b’s mass-loss is expected to be dominated 
y Roche lobe o v erflow (Koskinen et al. 2022 ). Then we adopt the
onte Carlo-based framework in Huang et al. ( 2017 ) to estimate

he n = 2 state number densities from equation (14) of Huang et al.
 2017 ). We provide the Balmer series number density structure as
n input to the P-WINDS radiative transfer routine, along with the
icrophysical parameters (central wavelength, oscillator strength, 

nd Einstein coefficient from Wiese & Fuhr 2009 ) of H α and H β

nstead of the metastable helium triplet as originally intended. We 
enerate models for two different mass-loss cases, Ṁ pl = 10 10 g s −1 

weak) and Ṁ pl = 10 12 g s −1 (moderate). The moderate mass-loss
ase is defined based on observed mass-loss rates of other UHJs, like
EL T -9 b and KEL T -20 b, which range between 10 12 and 10 13 g s −1 

Yan & Henning 2018 ; Wyttenbach et al. 2020 ; Huang et al. 2023 ).
urthermore, a hydrodynamic escape code we adopt (see Section 
.3 ) predicts a mass-loss rate of ∼ 4 × 10 12 g s −1 for this system. 
After generating Balmer absorption signals with P-WINDS , we 

nject them in our observations to place upper limits on WASP-
2 b’s mass-loss rate. As in Section 4.2 , we apply instrumental
roadening to the signal before injection. We also perform rotational 
roadening since the 1D escape code does not incorporate the line-of-
ight effects from planetary rotation. We follow section 4.3 of Huang
t al. ( 2023 ) and build a rotational broadening kernel corresponding
o the planetary rotational velocity at R ext assuming WASP-12 b is
idally locked with its host star and obeys rigid body rotation. Since
ransmission spectroscopy only probes the transparent terminator 
egion of the planet’s atmosphere, we define the rotational broadening 
ernel L rot ( v) such that the value at a given line-of-sight projected
otational velocity of the planet v is weighted by the cross-sectional
ength of the atmosphere illuminated at that velocity, i.e. 

 rot ( v) = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

√ 

R 

2 
ext 

(
1 − v 2 

v 2 rot 

)
−

√ 

R 

2 
core − R 2 ext v 

2 

v 2 rot 
if R ext v 

v rot 
< R core √ 

R 

2 
ext 

(
1 − v 2 

v 2 rot 

)
if R ext v 

v rot 
≥ R core . 

(5

ere, v rot is the line-of-sight projected rotational velocity of the planet
we assume it is tidally locked) at R ext . We adopt the approximation
 core ≈ R pl because R core is the radius at which the planet is opaque to

ll wav elengths. F or R ext , we fit the absorption feature that comes out
f P-WINDS (before applying velocity broadening from the outflow’s 
xpansion) with a Gaussian model to estimate δ and inverting 
quation ( 2 ) to solve for R ext , then apply equation ( 5 ). We convolve
he e xpansion v elocity-broadened signal from P-WINDS with the 
otational broadening kernel and instrumental kernel in a flux- 
onserving manner (constant equi v alent width) for completeness, 
lthough we find neither of these broadening effects significantly 
MNRAS 535, 1829–1843 (2024) 
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Figure 5. H α absorption feature calculated by P-WINDS for the weak 
(10 10 g s −1 , dashed blue, see the inset) and moderate (10 12 g s −1 , solid blue) 
mass-loss rates as well as WIND-Æ (red) compared to the minimum retrie v able 
signal (black, arbitrary width) from the Night 1 data set. We also include the 
best-fitting model of WASP-121 b’s empirical H α absorption (green) from 

Borsa et al. ( 2021 ) for comparison with observations of a similar system. 

Table 2. SNRs from atmospheric escape model injection-reco v ery tests. 

Injected H α model SNR 

P-WINDS , Ṁ = 10 12 g s −1 0.369 
WIND-Æ 0.676 
WASP-121 b empirical H α absorption from Borsa et al. ( 2021 ) 1.434 
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mpact the depth or shape of the signal. Then we inject the signal into
ur observations assuming it is shifted in velocity by the projected
rbital motion of the planet e xclusiv ely. The injected data are fit with
he model used in Section 4 . The signal is considered observable if
t is reco v ered with SNR > 3. 

.2 Upper limits on WASP-12 b’s mass-loss rate from P-WINDS 

re inconclusi v e 

rom our injection-reco v ery analysis, we find that, under the as-
umptions of the P-WINDS model, we are unable to reco v er a H α

ignal for either mass-loss case; we adopt the same SNR metric
s in Section 4.2 . Fig. 5 shows the H α absorption feature (the
tronger of the two Balmer features we model) calculated by P-
INDS for the two mass-loss cases according to the procedure

escribed in Section 5.1 . The absorption signature for either mass-
oss case is weaker than the minimum amplitude signal with a
omparable width (for this we adopt the signal corresponding to
he purple star in Fig. 3 ) that is retrie v able at the 3 σ level given
ur data quality. As expected, we find that the modelled H β feature
s weaker than the H α feature and thus would make a detection
f H β more challenging than a detection of H α. The H β/H α line
epth ratio is 0.153 for the Ṁ = 10 12 g s −1 model and 0.138 for the
˙
 = 10 10 g s −1 model. Consequently, neither of the mass-loss cases

s observable in either H α or H β. This is also highlighted in Table 2 ,
hich reports an SNR of 0.369 for the moderate mass-loss P-WINDS

odel. 
Given the lack of observability of Balmer features inferred from

his injection-reco v ery analysis, we cannot use our P-WINDS models
o place a meaningful constraint on WASP-12 b’s mass-loss rate.

e do not attempt to increase the mass-loss rate further to find a
 σ upper limit on our constraint because WASP-12 b’s mass-loss
ate is expected to be around Ṁ pl = 10 11 . 4 g s −1 in an energy-limited
NRAS 535, 1829–1843 (2024) 

m  
ramework (Ehrenreich & D ́esert 2011 ). Ehrenreich & D ́esert ( 2011 )
stimate mass-loss rates of the known transiting planets at the time
f publication (including WASP-12 b) to be between 10 6 and 10 13 g
 

−1 , so we do not find it meaningful to attempt to constrain a higher
ass-loss rate than what we consider as an upper limit. 
Additionally, the models presented thus far have many limitations

s a consequence of certain simplifications: 

(i) By employing P-WINDS , we assume the outflow can be repre-
ented as a 1D, isothermal Parker wind. In reality, the outflow is 3D
nd likely has a spatially varying temperature gradient that can span
housands of Kelvin o v er the transit volume that we probe. 

(ii) The P-WINDS code does not account for molecular hydrogen,
lthough this may not be a severe drawback since the extreme
emperatures in the escape regime suggest any molecular hydrogen
hould be largely thermally dissociated. 

(iii) We approximate the high energy instellation upon the planet
sing the solar spectrum ( T eff = 5777 ± 10 K, Smalley 2005 ), which
as a notably lower effective temperature than WASP-12 ( T eff =
360 + 130 

−140 K, Collins et al. ( 2017 )). 
(iv) While they make up a very small fraction of the atmospheric

omposition, metals do play a critical role in cooling and regulating
he temperature structure of the outflow. The only metals accounted
or in the P-WINDS model are carbon and oxygen. Furthermore, we
ssume solar abundances of carbon and oxygen. 

(v) One major criticism of our models is that they require extreme
emperatures to support physically plausible mass-loss rates (our
eak and moderate cases). For example, the lowest isothermal

emperature profile at which P-WINDS converges to a solution for
he moderate mass-loss case is at a temperature of 13 000 K; for the
eak mass-loss case, it is closer to 11 000 K. These temperatures

re unexpectedly high by a factor of ∼2 compared to expectations
rom hydrodynamic escape codes (see the solid orange curve in Fig.
 b). Ionization at such implausibly high temperatures is dominated
y thermal (collisional) ionization, which is not included in P-
INDS , rather than photoionization. Furthermore, a higher temper-

ture increases the Lyman- α emissivity in the atmosphere and may
rtificially inflate the model atmosphere, both of which can result in
 larger H α transit depth. In reality, the absorption signals may be
ven weaker in amplitude if the physical conditions permit a lower
emperature. 

.3 Model injection-reco v ery with an upcoming multispecies 
elaxation code ( WIND-Æ) provide a tentative upper limit 

e adopt another code under development to model WASP-12
’s atmospheric escape with a more realistic (e.g. non-isothermal,
ultispecies, multifrequenc y) and fle xible (e.g. tunable system pa-

ameters, fast) treatment of the outflow structure. WIND-Æ (Broome
t al., submitted) is a fast 1D photoionization atmospheric escape
ode adapted from Murray-Clay, Chiang & Murray ( 2009 ). It
s a relaxation code with new multispecies and multifrequency
apabilities that models atmospheric escape as a transonic Parker
ind. We expect WIND-Æ to yield more realistic outflow models

han P-WINDS because it does not assume an isothermal atmosphere
nd can incorporate more metal species which significantly shape
he thermal profile. 

Boundary conditions for WASP-12 b include T ( R min ) = 1000 K,
( R min ) = 5 . 67 × 10 −10 g cm 

−3 , where T is temperature and ρ is
ass density at the user-defined minimum radius R min = 1.02 R pl .
e use the following planetary parameters: M pl = 1.47 M jup , R p 

 1.94 R jup , M ∗ = 1.43 M �, and a = 0.02 au, which are the planet
ass, planet radius in the UV, stellar mass, and semimajor axis
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(a) (b)

Figure 6. Radial profiles of Panel (a) hydrogen species number density and Panel (b) outflow velocity and temperature for the WIND-Æ model in the solid 
curves and the Ṁ = 10 12 g s −1 P-WINDS model in the dashed curves. The circular points mark the sonic point for the respective model of the curve they lie upon. 
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espectively (Chakrabarty & Sengupta 2019 ). We adopt an XUV 

ange (10–2000 eV) flux of F H = 6.063 × 10 4 erg cm 

−2 s −1 for
caling the solar spectrum (Chamberlin et al. 2020 ) to approximate 
he high energy spectrum of WASP-12. Note that some of these 
arameters, for example, planetary radius, differ slightly from other 
arameters used in the P-WINDS model, for which we e xclusiv ely
se the planet parameters derived in Collins et al. ( 2017 ) (listed in
able 3 ). Ho we ver, these dif ferences are not significant enough to
rastically change the resulting outflow models. 
We assume solar metallicity (Lodders, Palme & Gail 2009 ) and 

dopt the following species for the composition of the atmosphere: 
, He, C, N, O, Ne, Mg, Si, and Ca. We first generate fully self-

onsistent models out to ∼2.5 R p , the Coriolis turning radius of the
lanet; beyond this point, the assumption of spherical symmetry is 
o longer valid because the outflow no longer travels perpendicular 
o the planet’s surface, but rather is turned by the Coriolis force into
 tail. The planetary outflow is also subject to additional physics that
e do not model at larger radii, such as charge exchange with the

tellar wind which will dominate the energy and ionization of the 
lanetary wind ( P-WINDS also do not incorporate these effects). With 
hese caveats in mind, we attempt to integrate the WIND-Æ model 
rofile out to 20 R p to match the radial range of the previous P-WINDS

odels. To facilitate the integration, it was necessary to artificially 
nflate the sonic point column density boundary condition by a factor 
f 2, corresponding to a difference in the resulting model mass-
oss rate of 6.4 per cent and near-negligible structural differences 
n the wind profile compared to the fully self-consistent number 
ensity model extending out to 2.5 R p . Upon conducting radiative 
ransfer to model the Balmer lines, the discrepancy between the 
elf-consistent 2.5 R p model and the more unphysical 20 R p model 
as ne gligible relativ e to observational uncertainties, so for the 
urposes of our investigation, we adopt the fully self-consistent 2.5 R p 

odel. 
With WIND-Æ, the modelled planetary outflow has a mass-loss 

ate of Ṁ = 3 . 953 × 10 12 g s −1 with the sonic point at 1.554 R p . In
ontrast to the P-WINDS models, the H β/H α line depth ratio from

IND-Æ is 0.267. A comparison of the hydrogen number density, 
ind velocity, and temperature profiles of WASP-12 b’s outflow as 
odelled by WIND-Æ (solid curves) and P-WINDS (dashed curves) 

s provided in Fig. 6 . Notably, WIND-Æ can incorporate more metal 
pecies and a more realistic, radially varying temperature profile, 
ending more credibility to the model. In spite of these differences,
t is interesting to note that the sonic point and velocity profiles at
arger radii are not significantly discrepant between WIND-Æ ( R s = 

 . 571 R pl ) and P-WINDS ( R s = 1 . 609 R pl for Ṁ = 10 12 g s −1 ; R s =
 . 587 R pl for Ṁ = 10 10 g s −1 ). Since these models incorporate tidal
ffects, the sonic point should be close to the L1 point, which is at
.69 R pl for WASP-12 b. 
The H α feature resulting from the WIND-Æ model, given by the 

ed curve in Fig. 5 , is deeper than both the P-WINDS models, but
oes not fall below the minimum retrievable signal in black. When
njected in our data from both nights, it corresponds to an SNR of
.676 and is thus is not observable with our data quality. Notably
zesla et al. ( 2024 ) place an upper limit on WASP-12 b’s mass-

oss rate of � 4 × 10 12 g s −1 , similar to the mass-loss rated derived
y WIND-Æ, from their non-detection of helium. Ho we v er, we hav e
hown that we do not have the data quality to validate this upper limit
ue to substantial photon noise in the optical with PEPSI/LBT. This
ay suggest that Balmer lines do not produce planetary spectral 

bsorption signatures that are strong enough to be observed with 
urrent telescope facilities for a target as faint as the WASP-12 system
 V = 11 . 569). 

We also compare with the observed H α absorption signal of 
ASP-121 b from Borsa et al. ( 2021 ). To first order, the WASP-

21 system is very similar to WASP-12 in terms of the spectral type
nd age (although poorly constrained, but very likely on the main
equence) of the host star as well as the equilibrium temperature
nd surface gravity of the planet. Consequently, we expect similar 
lanetary outflow dynamics for the two systems. As indicated by 
he green curve in Fig. 5 and the SNR of 1.434 reported in Table 2 ,
f WASP-12 b possessed an H α signature comparable to that of

ASP-121 b, the absorption feature would be insufficient to detect 
ith both nights of our PEPSI observations stacked. Additionally, 
oth the P-WINDS and WIND-Æ models fall short of the observed 
 α transit depth of WASP-121 b as seen in Fig. 5 . This moti v ates

urther validation of both codes, since WASP-121 b’s absorption 
eatures (including H α) were successfully modelled with a robust, 
ultispecies framework in Huang et al. ( 2023 ). When compared

o our WIND-Æ models of WASP-12 b, the models of WASP 121
 in Huang et al. ( 2023 ) display a shallower decrease in pressure
elow the temperature peak, resulting in a more inflated H α transit
epth. Determining the root cause of this difference is beyond this
MNRAS 535, 1829–1843 (2024) 
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cope of this observational work, and we recommend a future code
omparison paper of atmospheric escape models commonly used in
he field. 

 SPEC TRAL  SURV EY  O F  ATO MIC  A N D  

O L E C U L A R  F EATURES  

.1 Spectral sur v ey of other atomic and molecular features via 
r oss-corr elation 

e also search for other optical absorbers commonly observed in
HJ atmospheres, namely metal species such as Fe I/II, Ti I/II,
r I/II, and potential agents of thermal inversions such as TiO and
O. We scour the wavelength range between 4900 and 5400 Å to
 v oid broad H β absorption at lower wavelengths and tellurics at
igher wav elengths. Man y of the species we inv estigate hav e strong
eatures in this wavelength range (see Fig. 7 ). We generate template
pectra assuming solar abundances o v er our specified wavelength
ange using PETITRADTRANS (Molli ̀ere et al. 2019 ) to cross-
orrelate with our reduced transmission spectra, where the cross-
orrelation function (CCF) is defined according to equation (13)
n Pai Asnodkar et al. ( 2022 ). We adopt a Guillot presssure–
emperature profile (Guillot 2010 ) and set the reference pressure
uch that the resulting continuum of the template spectrum is
lose to the white-light transit depth. Table 3 lists the planetary
arameters that we adopted in constructing all of the template
pectra. 

We generate individual templates for each species we considered
o that any signals in the CCF can be solely attributed to that species.
hus, the abundances of the singular species of interest as well as
ydrogen, and helium (since UHJ atmospheres are hydrogen–helium
ominated) were inputs in the construction of any given template
pectrum. The species that we focus on in this work have been
alidated as ‘detectable’ by confirming that they have multiple lines
n our wavelength range and yield a peak in the CCF when cross-
orrelated with observed stellar spectra. For the metal atomic species,
e validate the template spectra against the observed spectrum of the
ost star WASP-12 from our PEPSI observations. For TiO and VO,
e validate against archival spectra of GJ 793 (from HARPS-N)

nd LHS 2065 (from K eck HIRES 

4 ), respecti vely, which are M-
warfs known to display these features (Gray & Corbally 2009 ).
able 4 specifies the mass mixing ratios adopted based on solar
bundance (Palme, Lodders & Jones 2014 ) and whether or not the
pecies was identified as detectable according to our aforementioned
etric. 
After the template spectra are generated, they are cross-correlated

ith the transmission spectra. We conduct SYSREM on the resulting
CF maps, which is more ef fecti ve than when applied to the

educed transmission spectra. We confirm this by injecting a template
pectrum, for example, Fe I , in the in-transit data (before applying
ny SYSREM) with both nights combined. We scale the Fe I template
uch that it yields a 5 σ signal when SYSREM (1 systematic, 100
terations) is performed on the transmission spectra before cross-
orrelation. We find that we are unable to reco v er this signal if
YSREM is not performed altogether (this is true of all species we

ested), likely due to imperfect normalization across observations,
hereas we reco v er an impro v ed 6.83 σ signal when SYSREM is
erformed after cross-correlation. This is because cross-correlation
tacks the signal in the transmission spectra that match a given
NRAS 535, 1829–1843 (2024) 
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l  

o  

c

emplate spectrum. Thus, it is less sensitive to the stellar line
ore noise artefacts unless the species of interest has strong stellar
bsorption lines. Therefore, the streaks are not present in most of
he CCF maps. Moreo v er, SYSREM is more ef fecti ve at identifying
ystematics since these maps are smoother than the transmission
pectra maps. When we apply SYSREM both before and after
ross-correlation, we find the significance of the detection is only
mpro v ed to 5.18 σ , possibly due to the signal being washed out by
oo many applications of SYSREM. Likewise, increasing the number
f systematics to more than one generally does not yield an increase in
etection significance. Thus, we adopt one systematic when applying
YSREM after cross-correlation for all species considered except
e I / II , and Mg I . We use two systematics for these species since

heir stellar absorption lines are stronger and thus noisier, therefore
equiring more SYSREM systematics to minimize correlated noise
cross observations. 

As per standard practice (e.g. Nugroho et al. 2017 ; Kesseli et al.
022 ), we construct SNR maps for a grid of planetary orbital
elocities ( K p ) and net velocity offset ( v sys ) values by stacking the
n-transit CCFs in the planet’s rest frame to get the signal. We define
he noise to be the standard deviation of the CCF at velocities beyond
.5 v rot away from 0 km s −1 , where v rot is the rotational velocity of
he planet assuming it is tidally locked (9.05 km s −1 ). With these
efinitions, we compute the SNR for a grid of ( K p , v sys ) pairs.
 single peak with SNR > 5 in this K p –v sys space qualifies as a
etection of the corresponding species. 

.2 WASP-12 b’s atmosphere does not display optical 
bsorption 

ur search for absorption in the blue arm PEPSI data from various
tomic and metal species using both nights of observation does not
ield any detections; see Fig. 7 . The Mg I map for the first night
hows a spurious signal near K pl = 150 km s −1 and v sys = 20 km s −1 .
ig. 8 shows the Mg I cross-correlation maps for Night 1 with the
urported absorption track corresponding to the peak of the Mg I
NR map traced out with a black solid line. The signal in the Mg I
NR map for Night 1 could be purely coincidental or an alias with the
oisy stellar line cores since the Mg I spectrum in this wavelength
ange is dominated by just three lines in the triplet between 5167
nd 5183 Å. Furthermore, the signal’s corresponding value of K pl is
early 100 km s −1 less than expected for this planet (231.5 km s −1 )
nd thus this signal cannot be attributed the planet’s atmospheric
bsorption. 

The Mg I b triplet at 5167, 5172, and 5183 Å is of particular
ote as a potential tracer of atmospheric escape (Cauley et al.
019 ). We do not observe such absorption of planetary origins
rom either an inspection of the constructed transmission spectra
or cross-correlation. Other lines of potential interest to constraining
ass-loss include Ca I λ4227, Mg I λ4571, Na D doublet λλ5890,

896, and Ca I λ6122; ho we ver, these are outside our wavelength
ange with the PEPSI cross-dispersers we have chosen for these
bservations, but can be achieved with others (Keles et al. 2024 ).
n addition to the absorbers presented, we also tested the following
tomic and molecular species that are immediately available from the
ETITRADTRANS high-resolution opacity database: Al I , B I , Be I ,
 I , Li I , N I , Na I , Si I , V I , V II , Y I , and VO. These species were
eemed undetectable through cross-correlation with an appropriate
mpirical stellar spectrum (see Table 4 ). This is because they
ack sufficient absorption signal in our wavelength range, with
nly one or a few lines that are prone to aliasing when cross-
orrelated. 

https://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin
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Figure 7. Columns from left to right – first column: template spectra for a given detectable atomic or molecular species in our wavelength range. Second 
column column: SNR maps of the corresponding species for Night 1. The dotted white lines correspond to the expected parameters of the system in the 
absence of velocity shifts from atmospheric dynamics. The colour bar represents SNR from stacking the cross-correlated spectra in a planetary rest frame of the 
corresponding v sys and K pl combination represented along the x - and y- ax es, respectiv ely. Third column: same as the second column, but for Night 2. Fourth 
column: same as second column, but for both nights stacked. The panels in the last three columns displaying our search for absorption do not show detections 
from the planetary atmosphere for any of the investigated tracers. 
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Table 3. PETITRADTRANS planetary parameter inputs. 

Parameter Units Value Reference 

Planet radius R jup 1.9 Collins et al. ( 2017 ) 
Planet mass M jup 1.47 Collins et al. ( 2017 ) 
Stellar radius R � 1.657 Collins et al. ( 2017 ) 
Planet surface gravity m s −2 10.09 Collins et al. ( 2017 ) a 

Mean molecular weight 2.33 
Equilibrium temperature K 2580 Collins et al. ( 2017 ) 
Internal temperature K 100 
Pressure range Bar 10 −10 –10 2 

Reference pressure Bar 0.05 
Infrared atmospheric opacity 0.01 
Ratio between optical and IR opacity 0.4 

a Derived from reported planetary mass and radius. 

Table 4. PETITRADTRANS atomic/molecular abundance inputs and corre- 
sponding detectability. Here, detectability of a given species is marked with a 
check mark if cross-correlation between the template spectrum of the species 
o v er the observ ed wav elength range (PEPSI blue arm) and an appropriate 
stellar spectrum (i.e. a star known to host absorption features from the species 
of interest) yields a > 3 σ signal; otherwise, the species is deemed undetectable 
o v er the wav elengths of observation and is marked with an ‘x’. The variable 
x in the listed abundances for hydrogen and helium refers to the abundance 
of the species of interest used in the construction of a given template. 
All templates were constructed using Kurucz ( http:// kurucz.harvard.edu/ ) 
linelists except for TiO and VO, which came from the ExoMol linelists 
provided in McKemmish, Yurchenko & Tennyson ( 2016 ). 

Species log 10 abundance Detectability 

Al I −5 . 53 � 

B I −9 . 3 � 

Be I −10 . 62 � 

Ca I −5 . 67 � 

Cr I −6 . 36 � 

Fe I −4 . 52 � 

Fe II −4 . 52 � 

K I −6 . 89 � 

Li I −10 . 97 � 

Mg I −4 . 46 � 

N I −4 . 14 � 

Na I −5 . 7 � 

Si I −4 . 48 � 

Ti I −7 . 1 � 

Ti II −7 . 1 � 

V I −8 . 0 � 

V II −8 . 0 � 

Y I −9 . 79 � 

TiO −7 . 1 � 

VO −8 . 0 � 

H log 10 (0 . 748 × (1 − x)) 
He log 10 (0 . 250 × (1 − x)) 
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Figure 8. Cross-correlation with Mg I template for Night 1. As before, 
the green horizontal dashed lines indicate the phases of first and fourth 
contact while the purple horizontal dashed lines indicate the phases of second 
and third contact. The black solid line indicates the centre of a purported 
absorption signature with K p and v sys corresponding to the peak of the Mg I 
SNR map for Night 1. The black-dashed line corresponds to the absorption 
track with the highest SNR value of v sys for a K p that matches the projected 
orbital velocity of the planet. The vertical stationary feature near a velocity 
of 0 km s −1 corresponds to the residual signal from the stellar line core. 
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To compare our non-detections with the literature, we note that
urton et al. ( 2015 ), Jensen et al. ( 2018 ), and Czesla et al. ( 2024 )
re the only other works we could find that conduct high-resolution
ransmission spectroscopy of WASP-12 b in the optical. In addition
o their H α detection, Jensen et al. ( 2018 ) observe planetary Na I
bsorption via the Na D doublet; Burton et al. ( 2015 ) also claims
 tentative detection of Na D doublet absorption in the atmosphere
f WASP-12 b using defocused transmission spectroscopy. Previous
 orks applied UV spectroscop y to infer metals in WASP-12 b’s

xosphere such as Na I , Sn I , Mn I / II , Yb II , Sc II , Al II , V II , Mg II
Fossati et al. 2010 ; Haswell et al. 2012 ); we are not sensitive to any
NRAS 535, 1829–1843 (2024) 
f these in our wavelength range. They also suspect the presence of
ther metals that we have searched for, namely Mg I and Fe I . Fossati
t al. ( 2010 ) do not provide abundance estimates, so we are unable
o consistently constrain the expected observability of their atomic
ine measurements in our optical wav elength re gime. None the less,
ur non-detections at high-resolution present a challenge to reconcile
ith UV constraints on WASP-12 b’s exospheric composition. Fully
nderstanding this discrepancy will require extensive modelling of
he outflow across UV and optical wavelengths. Our non-detections
n the optical placed in the context of the literature presents an
pportunity to consolidate a holistic, multiwavelength understanding
f this system. 
We also note that our observations are taken with expo-

ure times of 900 s per spectrum to beat down photon noise.
onsequently, the planet changes in RV by ∼14 km s −1 ( ∼ 6 ×
reater than the width of PEPSI resolution element, 2.3 km s −1 )
 v er the course of a single observation. Thus, this orbital mo-
ion smears out any potential planetary absorption feature, both

http://kurucz.harvard.edu/
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almer lines and atomic metal lines. This motion blur may drive 
he absence of atmospheric absorption signatures in our optical 
ata. 

.3 Comparison with other UHJs 

he absence of optical absorption features also presents a challenge 
or comparative planetology of UHJ atmospheres. Atomic metal line 
bsorption from Fe I/II, Cr I/II, Na I, and a plethora of other species
as become a characteristic finding in UHJ atmospheres like WASP- 
6 b, KEL T -9 b, KEL T -20 b, and more (Casasayas-Barris et al. 2019 ;
oeijmakers et al. 2019 ). At the same time, many UHJs lack such
etections despite attempts to search for them with transmission 
pectroscopy, such as HAT-P-57 b, KELT-7 b, KELT-17 b, KELT-21 
, MASCARA-1b, and others (Stangret et al. 2022 ). The case of
EL T -7 b is particularly noteworthy since this planet is around a star
ith an ef fecti ve temperature comparable to WASP-12’s. Ho we ver,
EL T -7 b also has a smaller scale height that is less amenable to
bservation due to its significantly higher surface gravity and lower 
quilibrium temperature. WASP-12 b is also similar to WASP-76 b 
nd WASP-121 b insofar as their equilibrium temperatures and host 
tar spectral types, yet the latter pair display numerous optical atomic 
nd molecular features in transmission (Seidel et al. 2019 ; Ben-Yami 
t al. 2020 ; Gibson et al. 2020 ; Hoeijmakers et al. 2020 ; Cabot et al.
020b ; Kesseli et al. 2022 ; Pelletier et al. 2022 ; S ́anchez-L ́opez et al.
022b ). WASP-76 b has a larger scale height, so this may explain why
ts atmospheric absorption features are observable when WASP-12 
’s are not. Ho we ver, WASP-121 b may have a scale height smaller
han WASP-12 b’s depending on the literature value adopted for its
quilibrium temperature. 

 C O N C L U S I O N S  

e have presented a search for atmospheric absorption in PEPSI- 
BT high-resolution optical transmission spectra of WASP-12 b and 

eport no evidence of planetary absorption features. Our lack of an 
 α detection is in direct contradiction with a previous observation 

t medium resolution in Jensen et al. ( 2018 ), but we show that
his detection will require exotic phenomena if it is planetary in 
rigin. We conduct injection-reco v ery tests to constrain the radial 
xtent and escape rate of WASP-12 b’s hydrogen envelope. This 
nalysis suggests that we do not have the sensitivity to determine if
he hydrogen envelope is confined within the planet’s Roche lobe. 

e explore 1D models of a planetary outflow using the P-WINDS and
IND-Æ codes. The modelled Balmer-line absoprtion features are 
uch smaller in amplitude than the photon noise of our observations 

s well as the H α signal purported in Jensen et al. ( 2018 ). 
From a theoretical standpoint, WASP-12 b possesses qualities that 

re fa v ourable for observing atmospheric escape. Koskinen et al. 
 2022 ) show that even only considering Roche lobe overflow, the
ystem parameters of WASP-12 b suggest that it should have one 
f the highest mass-loss rates amongst the known planets; this is
upported by hydrodynamic outflow inferred from the observed in- 
ransit excess UV absorption. Ho we ver, the WASP-12 system is
ainter than many canonical UHJs observed at high resolution. Our 
on-detection of Balmer-line absorption with the LBT, a telescope at 
imit of current facilities with the highest light-collecting area, poses 
 challenge for further observations of this target at high resolution 
n the optical. Further investigation of this target with PEPSI will 
equire stacking more observations or observing at lower spectral 
esolution. 
We also search for other optical absorbers including several metal 
pecies and TiO. We find no absorption features despite previous 
nferences of metals in WASP-12 b’s exosphere from excess UV 

bsorption in transit. Reconciling WASP-12 b’s seemingly barren 
ptical atmosphere in the context of the e ver-gro wing repository of
igh-resolution detections in UHJ atmospheres will require deeper 
nsight from sophisticated modelling and further observation to 
ighten empirical constraints. 
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