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Capturing planets in the act of losing their atmospheres provides rare opportunities to probe their evolution
history. This analysis has been enabled by observations of the helium triplet at 10,833 angstrom, but past
studies have focused on the narrow time window right around the planet’s optical transit. We monitored the
hot Jupiter HAT-P-32 b using high-resolution spectroscopy from the Hobby-Eberly Telescope covering the
planet’s full orbit. We detected helium escaping HAT-P-32 b at a 140 significance,with extended leading and
trailing tails spanning a projected length over 53 times the planet’s radius. These tails are among the largest
known structures associated with an exoplanet. We interpret our observations using three-dimensional hydro-
dynamic simulations, which predict Roche Lobe overflow with extended tails along the planet’s orbital path.

INTRODUCTION

Atmospheric escape is the primary physical process sculpting the
population of short-period, irradiated exoplanets. One piece of ob-
servational evidence of this process is the observed dearth of short-
period Neptune-mass planets (1). Several mechanisms likely con-
tribute to the atmospheric escape, including photoevaporation
and core-powered mass loss (2-9), which predict distinct correla-
tions between mass-loss rates and properties of the radiation envi-
ronment [e.g., x-ray and ultraviolet (UV) fluxes of host stars] and
planets (e.g., equilibrium temperatures). Directly measuring mass
loss for a large ensemble of exoplanets can differentiate between
these processes, and these measurements have been enabled by
the helium 10,833-A triplet (10~12), which is a robust probe of exo-
spheres accessible from the ground and immune to high absorption
from the interstellar medium that hampers similar studies based on
Lyman a.

Using the Habitable-zone Planet Finder Spectrograph (HPF)
(13-15) on the Hobby-Eberly Telescope (HET) (16-18), we ob-
served HAT-P-32 b with time-series high-resolution (R ~ 55,000)
spectra to detect a helium outflow and investigate atmospheric
escape. HAT-P-32 b is a hot Jupiter transiting a late-F star, HAT-
P-32 A, on a 2.15-day orbit with an in-transit duration of 3.12
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hours (19, 20). This planet has an inflated radius (1.79 + 0.03
Jupiter radii) that almost fills its Roche lobe. A recent study (21)
found hydrogen and helium outflows escaping HAT-P-32 b using
the Calar Alto high-Resolution search for M dwarfs with Exoearths
with Near-infrared and optical Echelle Spectrographs (CAR-
MENES) (22) on the Calar Alto 3.5-m telescope. They collected
high-resolution (R = 80,000) spectra of the host star over two
nights right around the planet’s optical transits and monitored for
6 hours each night centered on the middle of transits, leading to the
detection of the planet’s excess helium absorption with a maximum
transit depth of 5.3%.

With HET/HPF, we monitored HAT-P-32 Ab with time-series
spectroscopy, covering orbital phases spanning the planet’s full
orbital period. We collected spectra during three planet transits
on 9 August 2020 universal time (UT), 19 September 2020 UT,
and 6 October 2020 UT and during out-of-transit periods within
2 days of each transit. We also monitored the stellar activity of
HAT-P-32 A with irregular cadence from 1 August 2020 UT to 25
December 2020 UT (Table 1). Our data were reduced using the HPF
pipeline code Goldilocks and the muler Python package (23-26),
which perform bias and nonlinearity corrections, cosmic-ray rejec-
tion, flat fielding, wavelength calibration, and careful subtraction of
sky emission features. We obtained a total of 77 high-quality spectra
with a median signal-to-noise ratio (S/N) of 85 per pixel (142 per
resolution element) near 10,833 A. All spectra were shifted to the
stellar rest frame based on barycentric corrections and our comput-
ed absolute radial velocities (RVs).

RESULTS

We measured helium equivalent widths (EWs) for all HPF spectra
of HAT-P-32 A + b and detected a long-duration (12 hours), statisti-
cally significant (140) excess absorption feature near the transit of
HAT-P-32 b (Fig. 1). The helium excess is not correlated with any
stellar activity indicators (fig. S1) and spans ~4x longer than the
planet's optical transit duration. To facilitate the transmission spec-
troscopic analysis, we divided the data into five subsets according to
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Table 1. The HET/HPF observing log of HAT-P-32 Ab. For each date, we list the number of the observed spectra (Ngpec) and their mean S/N (per pixel) near 10,833
A, as well as the range of air mass and orbital phase covered by these data. Each spectrum was acquired with an exposure time of 820 s. The HPF spectral resolution
element contains a median of 2.8 pixels. We also divide our spectra into five subsets based on their orbital phase as indicated in the “Type” column, including start
(with the orbital phase in [-0.5, —0.15]), pre ([—0.15, —0.03]), TRANsIT ([—0.03, +0.03]), PosT ([+0.03, +0.08]), and enp ([+0.08, +0.5]).

Date (UT) Type Nspe<

Mean S/N Air mass Orbital phase

Transit event 1

25 December 2020

their orbital phases ¢ (Fig. 1), which we denote as starT (0.5 < ¢ <
—0.15; 23 spectra), pRE (—0.15 < ¢ < —0.03; 6 spectra), TRANSIT
(—0.03 < ¢ < +0.03; 18 spectra), post (+0.03 < ¢ < +0.08; 7
spectra), and END (+0.08 < ¢ < +05; 23 spectra). We constructed
the out-of-transit reference spectra for each of the three transits
by combining the corresponding start and/or END spectra (fig.
S2) and used them to normalize the other data to produce transmis-
sion and residual (=transmission — 1) spectra.

We detected strong excess helium absorption from PRE, TRANSIT,
and post residual spectra and measured the time-dependent wave-
length shift for each subset to characterize the velocity of HAT-P-32
b’s escaping atmosphere (Fig. 2). We modeled the excess helium ab-
sorption feature in each residual spectrum (figs. S3 and S4) using a
Gaussian profile to determine its transit depth and central wave-
length, and then we converted the latter into an RV of the escaping
atmosphere (in the stellar rest frame) by comparing with the rest
wavelength of the helium triplet. As shown in Fig. 2, RVs of the
helium excess during the optical transits of HAT-P-32 b are consis-
tent with those of the planet’s orbital motion, reaffirming the
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74 [1.17,1.20

[+0.09, +0.10]

planetary origin of the helium; the observed features have slightly
higher RVs (i.e., toward the star) than the planet’s orbital RV,
which could result from mass transfer from the planet to its host
star. These observations are consistent with both Roche lobe over-
flow and mass loss controlled by planetary and stellar magnetic
fields [e.g., (27)]. Before (pre) and after (post) the planet’s optical
transit, the observed escaping atmosphere does not track the
planet’s orbital motion and, instead, has only a small line-of-sight
velocity shift in the stellar rest frame, suggesting that the helium gas
from the planet’s upper atmosphere mostly moves within the sky
plane perpendicular to the observers' line of sight; this property is
consistent with the spatially extended geometry of the gas (as indi-
cated by the long duration of our detected helium excess; see Fig. 1),
with gas far from the planet orbiting the star. Helium excess features
in post residual spectra are noticeably blue-shifted, implying that
material trailing the planet is moving outward in the plane-
tary system.

The maximum depth of the detected helium excess is measured
to be ~8.2% during the optical transit of HAT-P-32 b; the helium
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Fig. 1. Measured helium excess in HAT-P-32 A+b planetary system. EWs of the
helium 10,833-A triplet, measured from the observed spectra of HAT-P-32 A + b
(top) and computed residual spectra of HAT-P-32 b (bottom), exhibit long-duration
(12 hours), significant (140) excess near the planet's transits. Solid circles represent
data obtained within two nights of each optical transit, and open circles represent
the stellar variability monitoring data obtained from out-of-transit periods. We
divided the data into five categories in terms of orbital phase, with boundaries
highlighted by gray-shaded regions. Our three-dimensional (3D) hydrodynamic
simulation is shown as the gray solid line. The time-series helium EWs are asym-
metric with respect to the planet’s optical transit (dark gray), demonstrating the
leading tail of the helium atmosphere escaping HAT-P-32 b.

excess in the 12-hour period surrounding optical transit is 5 to 6%
(Fig. 3). Our in-transit helium excess depth is about 1.5 times higher
than the value (5.3%) measured by CARMENES because their “out-
of-transit data” were taken when the escaping helium is still in
transit. Our detected excess helium absorption spans 3 to 4 A in
the stacked TraANSIT residual spectrum, comparable with the ob-
served residual spectra from CARMENES (21), and spans 1.5 to 2
A in the stacked pre and rosT residual spectra. While other planets
show trailing tails of material (12, 28-30), HAT-P-32 b has both a
(longer) leading and (shorter) trailing tail.

DISCUSSION

Helium outflow from three-dimensional

hydrodynamic models

Comparing our observations to three-dimensional (3D) hydrody-
namic simulations of the HAT-P-32 A + b system provides physical
insight into the geometry of the outflow. We generated 3D hydro-
dynamic models following (31) to examine the interactions between
the planetary outflow and stellar winds in the tidal gravitational field
of the HAT-P-32 A + b system (Fig. 4). Because of the small orbital
separation and high star-to-planet mass ratio, HAT-P-32b nearly
fills its Roche lobe. Our models show extended, columnar tails of
planetary outflow both leading and trailing the planet along the
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Fig. 2. Measured central wavelengths and RVs of HAT-P-32 b's escaping
helium atmosphere as a function of orbital phase in the stellar rest frame.
The observed helium excess features in pre (blue), TrRansiT (red), and post (orange)
residual spectra were fitted by Gaussian profiles to determine the central wave-
lengths and the standard deviations (circles with horizontal bars), which were
then converted to RVs of the escaping atmosphere based on the rest wavelength
of the two strongest components of the helium triplet (vertical dotted line at
10,833.26 A). Circle symbols have the same format as those shown in Fig. 1. The
gray dashed line represents the planet’'s RV. The central wavelength and SD of
helium excess from our simulations are shown as the gray solid line with shadow.

orbital path. These tails provide excess helium absorption even at
phases far from the planet’s optical transit that match our observa-
tions. Our model also predicted that the mass loss rate of the planet
is #1.7 x 107"* Mg, year™', implying that the planet will lose its at-
mosphere over a time scale of M, /MP ~ 4 x 100 years.

As shown in Fig. 1, our 3D model does not accurately explain the
observed relative depth of the pre and posT phases as compared to
the mid-transit, which we used as a point of reference. However, as
traced in Fig. 2, the model predicted that the extended tidal tails lie
in approximately the stellar rest frame, not the planet's rest frame, as
seen in our HPF data. Our simulations (Figs. 2 and 4) reveal how
these extended tails span the star-planet environment of the HAT-
P-32 A + b system. Sophisticated models that account for the mo-
mentum deposition by the stellar radiation field on the planetary
outflow, orbital eccentricity of the planet, ram pressure of stellar
wind, and the thermodynamics of the planetary outflow will be
useful to probe the range of physical processes shaping this
interaction.

The exceptional escaping helium of HAT-P-32 b

HAT-P-32 b's escaping helium atmosphere is exceptional among
known detections: It has the largest depth and longest duration
found to date. The duration of the helium transit implies the tidal
tails have a sky-projected length of 53 times the planet’s radius
(seven times the host star’s radius), among the largest structures
ever observed in a planetary system. Our study verifies the impor-
tance of long-baseline monitoring of planet-host systems to charac-
terize systems with extended tails. Many surveys have targeted K-
type planet-host stars since their UV spectra can readily populate
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Fig. 3. Stacked residual spectra of HAT-P-32 b. Before the stacking, each residual
spectrum has been corrected by its RV of the escaping helium atmosphere, such
that their helium excess features all line up with the rest wavelength of the stron-
gest component of the helium triplet. We detected strong excess helium absorp-
tion from trRaNsIT (top), Pre (middle), and post (bottom) residual spectra, spanning 1.5
to 4 A in wavelength with a maximum depth of 8.2%, 6.4%, and 5.2%, respectively.
The rest wavelength of the helium triplet is marked by vertical dotted lines. Telluric
absorption features with a transmission of <99.9% are shown as gray shades.

the helium metastable state (32); HAT-P-32 Ab’s strong helium
excess empirically demonstrates that F stars also provide a suitable
environment for mechanisms triggering the planets’ mass loss. Our
observations of HAT-P-32 b show that this planet-star configura-
tion, where the planet largely fills its Roche lobe, can lead to extend-
ed outflowing material.

On the potential variability of HAT-P-32 b’s helium excess

We examined the potential variability of HAT-P-32 b's escaping
helium atmosphere by comparing measured helium excess EWs
across different dates (Fig. 5). During the planet's optical transit,
the helium excess EWs mostly varied by less than 0.03 A across
three events. Near the planet’s egress (observed during the second
transit event) and slightly after the optical transit (shown by the rost
subset), EWs of helium excess varied by less than 0.02 A. In the pre
subset, all our observations were collected on the same night with
the third transit event. In this subset, the measured helium excess
EWs varied by 0.06 A, and the helium excess absorption appears to
become stronger with the increasing orbital phase. More observa-
tions of HAT-P-32 A + b over the orbital phase of the pre subset will
be useful to assess the variability of the planetary helium outflow

Zhang et al., Sci. Adv. 9, eadf8736 (2023) 7 June 2023

-15
0.06
-16
0.04
-17
0.02 o
I
_ -18 §
o0
E 000 2
~ 3
-19 =
on
-0.02 S
-20
—0.04
-21
-0.06
-22
—-0.06 —-0.04 —002 000 002 004 0.06
x (au)

Fig. 4. Slice through the orbital plane of a simulated system approximating
HAT-P-32 A + b. The frame rotates with the planetary mean motion, so the posi-
tion of observers rotates clockwise, with regions of sTArT, PRE, TRANSIT, POST, and END
shown in observations divided by black dotted lines. The logarithm of gas
density is shown in the color scale. A low-density but relatively fast stellar wind
expands from HAT-P-32 A at the coordinate origin and interacts with the
outflow from HAT-P-32 b. The outflow from HAT-P-32 b is stretched into long,
column-like tails leading and trailing the planet along the orbital path. These
tidal tails are shaped by the advection of slow-moving planetary outflow in the
star-planet gravitational field.

slightly before the optical transit. To conclude, these HPF observa-
tions do not suggest a significant variability of HAT-P-32 b's helium
excess over our monitoring baseline from 7 August 2020 to 25 De-
cember 2020. As a point of comparison, in our 3D hydrodynamic
simulations, the overall column density of metastable helium and its
mean RV do not appear significantly variable despite instabilities at
the interface between the planetary and stellar winds.

Comparing the helium excess revealed by the HPF spectra with
those from the CARMENES data (21), observed on 1 September
2018 and 9 December 2018, will examine the longer-term variabil-
ity of the planet’s helium excess. The published CARMENES spec-
troscopic observations span from about 4 hours before (~—0.08 in
orbital phase) to 3 hours after (~+0.06 in orbital phase) the mid-
point of the planet’s optical transit, meaning they coincide with
the PRE, TRANSIT, and posT subsets in our analysis (Fig. 1). New CAR-
MENES observations that cover a longer time baseline (especially
with orbital phases of our start and END subsets) than those
already acquired by (21) will construct the reference spectra that
are needed to reanalyze the CARMENES-based helium excess.
Comparing these results with the HPF measurements will investi-
gate the long-term variability for HAT-P-32 b's outflow.

The diversity of planetary systems with escaping helium
atmospheres

We compared properties of HAT-P-32 Ab with all other planetary
systems that have either detections or upper-limit constraints of the
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Fig. 5. The measured helium EWs of HAT-P-32 A + b and the helium excess
EWs of HAT-P-32 b from different dates are consistent over a given range
of the planet’s orbital phase. The data presented here are exactly the same as
Fig. 1 but are color-coded by observation dates, including those observed during
the first (blue), second (orange), and third (purple) transit event, as well as the long-
term stellar activity monitoring (green). More observations slightly before the
planet’s optical transit are needed to examine whether the planet’'s helium
excess is variable in the pre subset.

escaping helium atmospheres, to investigate what physical parame-
ters are causing the unusually extended helium atmosphere of HAT-
P-32 b and driving the mass loss of exoplanets in general. We com-
piled all these systems in table S1. Following (12), we computed the
equivalent height of each planet’s helium atmosphere dR;, and its
ratio to the planet’s atmospheric scale height at the equilibrium
temperature H,q, leading to a metric, SR,/Heq, that quantifies the
strength of the helium excess signal [also see (33—35)]. The census
was divided into two subsets with planetary radii above and below
0.4 Ry,p, which represent gas giants and sub-Neptunes, respectively.
In Fig. 6, we investigated 6R,,/Hq as functions of the planets’ Roche-
lobe filling, planetary surface gravity, the planet’s bolometric equi-
librium temperature, incident x-ray and UV (XUV) flux from the
host stars, and the host stars’ effective temperatures. Here, the
Roche-lobe filling stands for the ratio between the planetary radii
R, to the Roche lobe radii Ry, with the latter computed via equation
2 of (36).

With the existing census, Fig. 6 does not suggest clear trends
between OR,/H.q and other physical properties investigated here.
Among gas giants, HAT-P-32 b has the largest dR,/H.q and the
longest-duration helium excess. This property lines up with its
much larger Roche-lobe filling, lower surface gravity, and higher
XUV incident flux, all of which are expected to foster the planet
mass loss. However, several planets (e.g., WASP-69 b and WASP-
107 b) with lower Roche-lobe fillings and XUV incident fluxes
achieved comparable 8R,/H., as HAT-P-32 b. In addition,
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WASP-76 b has very similar properties as HAT-P-32 b, but its po-
tential helium outflow was not significantly detected as shown by
(37), although partially due to the contamination of the telluric ab-
sorption near the helium triplet.

Note that the three planets with the deepest helium excess
depths, WASP-69 b, WASP-107 b, and HAT-P-32 b, also have
longer-duration extended excess absorption than the planets’
optical transits. A variety of system physical properties must con-
spire to create extended, deep helium signals; surface gravity—
and therefore escape velocity—seems to be important since these
three planets have some of the lowest in the sample. The observed
diversity calls for further observational and theoretical studies of
planets with both detections and nondetections of excess helium
absorption with long-baseline monitoring, to probe the mass loss
mechanisms of exoplanets.

MATERIALS AND METHODS

Known properties of the HAT-P-32 system

Located at a distance of 283 + 2 pc (38), HAT-P-32 A is a moderately
rapidly rotating (vsin i = 20.7 + 0.5 km s~ ') late-F dwarf with a near-
solar metallicity ([Fe/H]= —0.04 + 0.08 dex) and an isochrone-based
age of 2 to 4 Ga [e.g., (19, 39)]. The hot Jupiter HAT-P-32 b was
found by Hartman et al. (19) from optical transit light curves and
the host star’s multiepoch RVs. The observed RV jitter (<80 m sh
of HAT-P-32 A prevents precise measurements of the planet’s
orbital eccentricity, so Hartman et al. (19) provided two sets of
orbital solutions for HAT-P-32 b by assuming a circular orbit
(i.e., e = 0) or allowing the eccentricity to vary (leading to e =
0.163 + 0.061). On the basis of new RV data and/or transit light
curves, Wang et al. (20) and Knutson et al. (40) refined the
planet's orbital eccentricity as e = 0.15970-05t and e = 0.207919, re-
spectively. However, the secondary eclipse timing of the planet de-
tected by Zhao et al. (41) clearly suggests a lower e = 0.007(070.
Throughout this work, we thus adopt a circular planet orbit for
HAT-P-32 b. Various orbital analyses converge on the planet’s
orbital semi-major axis of ~0.034 arbitrary units (au) (19, 20, 41).
HAT-P-32 b has a mass of 0.59 £ 0.03 My, a radius of 1.79 + 0.03
Ry,p» a low density of 0.14 + 0.02 g cm™, and a high equilibrium
temperature of 1836 + 7 K (19, 21). With HAT-P-32 b’s mass and
irradiation, a core-less planet (the limiting case that provides the
highest possible radius) would have a radius of 1.1 to 1.2 Ry,
[e.g., (42)], meaning that HAT-P-32 b is an inflated hot Jupiter.
This planet likely has a polar orbit, with a sky-projected obliquity
of 85.0° + 1.5°, based on the Rossiter-McLaughlin effect (43). The
HAT-P-32 A + b system also has an M1.5 stellar companion, HAT-
P-32 B, with a projected separation of 2.94" or 830 au (41, 44, 45).
With such a wide orbit, HAT-P-32 B is not responsible for the de-
tected significant RV trend (=38 + 5 m s~ year™') of HAT-P-32 A
(20, 40).

HET/HPF observations, data reduction, and postprocessing

HET is designed with a fixed elevation of 55° and a tracking window
of +8° (16, 17). As a consequence, HAT-P-32 (declination =
46.687852°) is only observable over a track length of 1.5 to 3.3
hours per night. The strategy of our survey is to observe the target
over the full track when the planet’s optical transit occurs and to
collect out-of-transit spectra on both of the two nights before and
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Fig. 6. Census of planetary systems with detections and upper-limit constraints of excess helium absorption (table S1), divided into gas giants (orange) and
sub-Neptunes (blue). The y axes of all panels present the objects’ equivalent heights of helium upper atmosphere in units of the scale height at equilibrium temper-
atures, SRp/Heq. The x axis in (A) is Roche-lobe filling R,/Rg, which is the radius ratio between the planet and its Roche lobe. The x axes in (B to E) represent these planets’
surface gravities, equilibrium temperatures, incident XUV flux from their host stars, and their host stars’ effective temperatures, respectively. Symbol size for detections is
proportional to the ratio between the transit duration of helium excess and that of the planets’ optical transits. Most systems have such ratios as 1, while WASP-69 b (12),
WASP-107 b (28), and HAT-P-32 b have larger ratios of 1.2, 1.4, and 3.8, respectively, meaning that their helium upper atmospheres are extended. In addition, TOI 2076 b
exhibited excess helium absorption until 50 min after the planet’s egress; we computed a ratio of 1.3 although the monitoring baseline did not extend the full optical
transit and preingress periods (60). Furthermore, Gaidos et al. (67) recently cautioned that the excess helium absorption signature of TOI 2076 b is likely due to its host
star’s variability. In addition, TOI 1430 b exhibits excess helium absorption slightly before the planet’s ingress (60); longer-baseline monitoring would validate this feature
so we simply assumed a ratio of 1.

two nights after the transit event to construct the reference spectra
used to calibrate the transmission spectra. We also monitored HAT-
P-32 A + b from 1 August 2020 UT to 25 December 2020 UT with
irregular cadence to investigate its stellar activity. Our observing log
is summarized in Table 1.

Our raw HPF data were reduced using the Goldilocks pipeline
(23-25), which extracts the 1D simultaneous spectra from the
target fiber, sky reference fiber, and the laser frequency comb
(LEC) fiber from 2D images, spanning from 8100 to 12,800 A.

Zhang et al., Sci. Adv. 9, eadf8736 (2023) 7 June 2023

Given the relaxed requirement about the RV precision for the
science goal of our survey and to avoid any scattered light in the
target star fiber, the LFC was turned off. We applied standard 1D
postprocessing for these spectra using our newly developed muler
framework (26) that also provides quick-look quality assurance.
To remove sky emission lines, we combined the observed spectra
from both the target and the sky fibers. These two types of fibers
have different throughputs, so the direct/naive subtraction
between target and sky fiber spectra is not sufficient. The sky-to-
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target throughput calibration was determined by our muler frame-
work. Specifically, we analyzed twilight flats regularly acquired
during the HPF operations. In this configuration, both target and
sky fibers were illuminated by the scattered sunlight. Computing
the ratio of the solar spectra acquired by these two fibers, we thus
derived a wavelength-dependent scaling factor that should be
applied to the sky fiber before the sky subtraction. We found the
sky fiber has a &#7% more throughput than the target fiber. We
further validated this sky-to-target throughput calibration using
another dataset acquired during the HPF nighttime operations. In
this dataset, both target and sky fibers were pointed at blank patches
of the sky, leading to two sets of spectra populated with only sky
emission lines. Comparing the strengths of these skylines from
both fibers led to a similar calibration term determined from the
twilight flats (also see the documentation and tutorials of muler).
Overall, the sky subtraction based on muler leads to 14 improve-
ments over the naive sky subtraction, with negligible residual struc-
ture seen in most bright skylines near the helium triplet. The
performance of our sky subtraction is also verified by another inde-
pendent method that can derive the sky-to-target throughput cali-
bration using a given target's observed spectrum without requiring
twilight flats or blank sky observations (46). As an additional step to
further minimize the impact of skylines on our analysis, we masked
a skyline doublet that is close to the helium spectral feature; this
doublet is located at 10,832.103 and 10,832.412 A (47). For each
spectrum, we first converted a wavelength range of 10,832.103 to
10,832.412 A into its stellar rest frame (see below) and then used
linear interpolation to approximate the fluxes.

Corrections to telluric absorption were not performed given we
planned our observations strategically when telluric bands were
widely separated from the helium spectral feature of HAT-P-32
Ab, as shifted by Earth's barycentric motion (see Fig. 3).

Our reduced spectra are all in vacuum wavelengths. All spectra
have S/Ns above 45 per pixel, i.e., >75 per resolution element, near
the helium triplet at 10,833 A; the median S/N is 85 per pixel.
During the observation, the stellar companion B is outside the
HPF target fiber, the radius of which (0.85") is only 29% of the
angular separation between A and B components (2.94") (44, 45).
In addition, the B-to-A flux ratio is about 0.017 near the helium
triplet at 10,833 A [see figure 4 of (41)]; this ratio is comparable
to the noise-to-signal ratio of A's observed fluxes, with a median
0f 0.012 (=1/85). Thus, the stellar companion would have compara-
ble fluxes with A's flux uncertainties, even if both stellar compo-
nents were observed by the same fiber. Therefore, the stellar
companion HAT-P-32 B has negligible contamination to our obser-
vations of HAT-P-32 A +b.

HPF relative RVs of HAT-P-32 A

We measured the relative RVs of HAT-P-32 A from the HET/HPF
spectra following (48). We first applied the barycentric correction to
all spectra using Astropy (49, 50) and then multiplied each spectrum
by a third-order polynomial, with coefficients determined in the
steps described below, to match the fluxes of the science spectrum
(observed on 19 September 2020 UT) with the highest S/N among
our entire dataset. To create a master template, we carried out a
cubic basic (B-spline) regression to data points from all these
scaled spectra via the least-squares minimization implemented
with a k-sigma clipping that removes significant outliers from the
residuals. We then jointly fitted the relative RV and the third-
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order polynomial coefficients for each spectral order of each spec-
trum by minimizing the x* between the given spectrum and the
master template, over a grid of velocities (from —5 to +5 km s~
with steps of 50 m sh following (51). During this process, we
also masked the telluric absorption and sky emission features. We
determined the RV value and variance of a given spectral order
based on the x*-velocity parabola and computed the final relative
RV for each spectrum as the weighted mean and SE of RVs
among all spectral orders. The spectrum with the highest S/N in
our dataset thus provides the baseline for the measured relative
RVs. Our resulting HPF relative RV has typical uncertainties of
131ms™".

Given that HAT-P-32 A has an absolute RV of —23.21 + 0.26 km
s~ ! based on (19), we thus added this value to the relative RV of each
spectrum to obtain an absolute RV, with uncertainties added in
quadrature. The computed absolute RVs of our data have a
typical uncertainty below 0.3 km s, corresponding to a wavelength
shift of only <0.01 A near the helium triplet. We used the computed
absolute RV of each spectrum to shift it into the stellar rest frame.

EW measurements of helium and the calcium infrared
triplets

We measured the EWs of the helium triplet in the stellar rest frame
by integrating the line flux over 10,831.5 to 10,834.5 A, with the
pseudo-continuum approximated by a linear fit of the fluxes from
two surrounding wavelength regions of 10,824 to 10,826 A and
10,840 to 10,841 A. The flux uncertainties are propagated into
our resulting EWs in an analytical fashion. We also measured the
EWs of the calcium infrared triplet (Ca i IRT) at 8500, 8544, and
8644 A, which probe the stellar chromospheric activity. These lines
are thus used to validate that our observed significant excess helium
absorption has a planetary rather than stellar origin [e.g., (21, 52)].
To compute the EW of each triplet component, we defined the line
wavelength as 8498 to 8503 A with the pseudo-continuum estab-
lished from 8491 to 8495 A and 8505 to 8509 A for Ca 11 A\8500;
line wavelength as 8540 to 8549 A with the pseudo-continuum
from 8536 to 8537.5 A, 8552 to 8556 A, and 8562 to 8570 A for
Ca 11 AA8545; and line wavelength as 8661 to 8668 A with the
pseudo-continuum from 8658 to 8660 A, 8672 to 8676 A, and
8680 to 8688 A for Ca 1 A\8665. For a given spectrum, we
adopted the EW of the Ca 1 IRT as the sum of all three components’
EWs. As shown in fig. S1, our measured Ca IRT EWs of spectra in
PRE, TRANSIT, and PosT subsets, when the escaping helium atmosphere
and/or the planet are in transit, are all consistent with those of out-
of-transit data in starT and END subsets. Therefore, the observed
helium excess spectral features likely originate from the planet’s
upper atmosphere. This conclusion is supported by the observed
low activity level from the ground-based optical light curves [e.g.,
(53)] and was also drawn by Czesla et al. (21) based on CARMENES
data.

Construction of the reference, transmission, and

residual spectra

We resampled each spectrum in the stellar rest frame to the same
wavelength grid of the spectrum that has the highest S/N at
10,833 A. Then, we normalized the spectrum in the neighborhood
of the helium triplet, with the pseudo-continuum established from a
linear fit of fluxes from 10,824 to 10,826 A and 10,840 to 10,841 A as
used in our EW measurements. For data collected from each of the
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three transit events and also from the long-term stellar activity mon-
itoring, we derived a reference spectrum by computing the average
of all spectra corresponding to orbital phases below —0.15 (i.e.,
START) or above +0.08 (i.e., END). We propagated the flux uncertain-
ties in an analytical fashion and obtained a total of four reference
spectra. As shown in fig. S2, our computed reference spectra all
have consistent shapes and values in the neighboring wavelengths
of the helium triplet, with different fluxes from the telluric absorp-
tion lines that are clearly separated from the helium feature. We then
divided each normalized PrE, TRANSIT, and POsT spectrum by its cor-
responding reference spectrum to produce transmission and resid-
ual (transmission 1) spectra (figs. S3 and S4). A telluric band,
spanning 10,835 to 10,840 A in the stellar rest frame, is near but
separated from the helium feature in our residual spectra. Thus,
our analysis cannot detect if there is any helium excess from a
clump of the planet’s escaping atmosphere with an RV toward the
host star with values of 48 to 187 km s™'; such signal is not predicted
by our subsequent 3D hydrodynamic simulation for our target
(see below).

Gaussian models of the excess helium absorption

The observed wavelengths of helium excess reflect the
RVs of helium upper atmosphere escaping HAT-P-32 b. To
identify these wavelengths, we fitted a Gaussian profile
G(\) = —Ag exp [—(A — ug)*/202] to each residual spectrum over
10,825 to 10,840 A, with Ag, yg, and o describing the transit depth,
central wavelength, and SD wavelength of each excess absorption
feature. We excluded telluric bands redward of the helium triplet,
as well as wavelengths of sky emission lines whose fluxes were
replaced by linear interpolation during the data processing. Some
residual spectra observed near the end of the planet's optical
transit show broad absorption features that have slightly shorter
wavelengths and shallower depths than the helium excess (e.g.,
the residual spectrum of the second transit event with the orbital
phase near 0.012; fig. S3). These features line up with the weakest
component of the helium triplet (Fig. 3) but contain an absorption
component that is even more blueshifted [also see (21)]. We chose
to exclude wavelengths of such feature in our fitting process, given
that the goal of fitting Gaussian profiles is to identify wavelengths of
the primary component of the excess helium absorption.

On the basis of our fitted Ag values, the depth of helium excess
from each residual spectrum in the pre (6 spectra in total), TRANSIT
(18 spectra in total), and PosT (7 spectra in total) subsets spans 2 to
3%, 4 to 7%, and 2 to 4%, respectively. The transit depth in each
subset is further increased after stacking all residual spectra (Fig.
3). In addition, our observed helium excess has full widths at half
maximum of 1.5 to 3 A (i.e., 2.35505), comparable with the detected
helium excess in other planetary systems [e.g., (11, 12)]. To compute
the RV of the escaping helium atmosphere of HAT-P-32 b, we
further compared the fitted central wavelength pg of each residual
spectrum with the mean rest wavelength of the strongest two com-
ponents of the helium triplet at 10,833.26 A. Our fitted g, oG, and
computed escaping RVs are presented in Fig. 2.

Zhang et al., Sci. Adv. 9, eadf8736 (2023) 7 June 2023

Planetary orbital RV in the stellar rest frame
We computed the planet’'s RV in the stellar rest frame as a function
of the planet’s orbital phase (¢) based on the following equation

RV,(¢) = — (1 + ) x K, {cos [v(¢) + w,]

1
M, /M.,

+ e cos w,}

(1)
where M,/M., is the planet-to-star mass ratio, K, is the semiampli-
tude of the host star’s RV, w, is the argument of the periastron of the
host star’s orbit induced by the exoplanet, and e is the planet’s
orbital eccentricity. The true anomaly, v, is converted from a
given orbital phase based on the planet’s orbital period (P) and ec-
centricity (e), time of periastron (Tp), and the time of the planet’s
optical transit (T¢).

We computed RV ,(¢) for a circular planet orbit and adopted
M,/M, = 4.81 x 10" (21), K, = 83.4 m s™' (21), P = 2.1500082
days (20), and T¢ = 2,456,237.031 BJDypp (20). We simply
assumed w,.0° and Tp = T¢ — P/4 for using Eq. 1. We did not incor-
porate the uncertainties of orbital parameters in our calculation,
given our analysis compares the planet’'s RV with measured RVs
of the escaping helium atmosphere under a qualitative perspective.
Our computed RV ,,(¢) is presented in Fig. 2.

Stacked residual spectra and the light curve of excess
helium absorption

We shifted all residual spectra to an "escaping atmospheric rest
frame” based on the computed RVs of the helium upper atmosphere
escaping HAT-P-32 b, such that the helium excess feature in each
shifted residual spectrum all lines up with the rest wavelength of the
strongest component of the helium triplet at 10,833.26 A. We then
computed the stacked residual spectrum based on the weighted flux
mean and uncertainty of all data in each of the PRE, TRANSIT, and POST
subsets (Fig. 3). In addition to the excess helium absorption fea-
tures, the stacked pre residual spectrum shows a deep absorption
feature near 10,835 A, which is caused by the telluric absorption
mainly contributed by the pre residual spectrum with an orbital
phase of —0.098 and —0.111 (fig. S4). The wavelength of this
feature is outside the wavelength range used to compute the
helium EWs (Fig. 1). To compute the light curve of excess helium
absorption (Fig. 1), we integrated each residual spectrum in the es-
caping atmospheric rest frame over a window centered at 10,833.26
A (the mean rest wavelength of the strongest two components of the
helium triplet) with a width of 1.8 A (corresponding to an RV
range of +50 km s™'), with spectral uncertainties propagated in
an analytical fashion.

3D hydrodynamic models

Our 3D hydrodynamic models made use of the Athena++ (magne-
to)hydrodynamics code (54), which uses an Eulerian algorithm
with active and static mesh refinement capabilities. Our models
simulated the properties of the interaction between the planetary
outflow (with properties based on parameterized assumptions)
and the stellar wind and the planet-star gravitational field [e.g.,
(31)]. We adopted a nearly isothermal ideal-gas equation of state
with an adiabatic index y = 1.0001 (allowing each of the stellar
and planetary outflows to be nearly isothermal but with very differ-
ent temperatures) and ignored any possible effects of stellar or plan-
etary magnetic and radiation fields.
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We solved the hydrodynamics equations in a rotating reference
frame centered on the host star HAT-P-32 A. Our frame rotates with
the planetary mean motion to minimize the orbital advection of
planetary outflow across the coordinate mesh. We used a spheri-
cal-polar mesh that covers the full 4mt of solid angle and extends
in radius from HAT-P-32 A's stellar radius of R, ~ 9.5 x 10'° cm
[or 1.37 + 0.03 R, as determined by (20)], to about 100 x R, of 9
x 10'* cm. With a semimajor axis of 0.034 au ~5 x 10'' cm (19, 20,
41) or 5.3 R,, the orbit of HAT-P-32 b is covered by this coordinate
mesh. Our base mesh uses 144 x 96 x 192 zones in the r, 0, @ co-
ordinate, with the planet placed at 8 = n1/2. To increase the resolu-
tion of simulations near the planet's orbit, we add static mesh
refinement. Specifically, we refined an equatorial torus extending
2x 10" to 8 x 10" cm in r, /4 — 3n/4 in 6, and 0 — 27 in @ by
one level above the base mesh or a factor of two higher spatial res-
olution. We also refined a box surrounding the planet location on
the mesh by four levels of refinement (i.e., 16x higher spatial reso-
lution than the base mesh) to capture the planet-scale outflow with
sufficient resolution in our simulation.

We set our model parameters based on orbital properties (with e
= 0) that have been derived for HAT-P-32 b (19, 21). To model the
planetary outflow, we used the hydrodynamic escape parameter

GM, 2)

= 2
Rye;

where M, is the planet's mass, R;, is the planet radius, and ¢, is the
sound speed of the outflow. We adopted A = 8 for the planetary wind
in our models, implying an outflow temperature of #5750 K. This is
a free parameter of our current models, and we find that \ particu-
larly affects the stream kinematics, as well as the inferred planetary
mass loss rate (55). To model the much hotter (~10° K), fast-ex-
panding stellar wind, we adopted A = 15 and replaced M, and R,
to be the mass and radius of the host star, respectively, in the Eq.
2. The planetary mass loss rate in our model is 1.07 x 10'* g s
(~1.7 x 10 Mg year_l). This implies a loss time scale for the
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planetary envelope of M, /Mp ~ 3.8 x 10! year. The stellar mass
loss rate in our model, ~#7 x 10"'* Mg, year™', is on the order of
typical main sequence mass loss rates (56).

We postprocessed these snapshots by iterating to find the stellar
and planetary outflow ionization states in the stellar radiation field.
To construct the spectral energy distribution of the host star, we
combined the published XUV spectrum of T Boo (0 to 1200 A)
(57), which has the same spectral type as HAT-P-32 A, and the
BT-Settl model spectrum (>1200 A) with an effective temperature
of 6300 K and logarithmic surface gravity of log(g) = 4.5 dex; we
further scaled this spectrum based on the XUV flux estimates
from (21). We then cast rays from the star through the domain to
an observer. The full methodology is presented in (31).

Figure 4 demonstrates a slice of gas density through the simula-
tion model domain centered on HAT-P-32 A, showing that an
outflow from HAT-P-32 b extends nearly along the orbital path
both leading and trailing the planet. This outflow is shaped by its
interactions with the much-faster stellar wind (as is visible from un-
stable interfaces between the higher-density planetary outflow and
the lower-density stellar wind). However, the primary force shaping
the planetary outflow is the tidal gravity of the star-planet system,
which is particularly strong for HAT-P-32 b because the planet is
nearly filling its Roche lobe (21). As a result, the planetary
outflow is slow-moving by comparison to the planet’s orbital
speed. The differential orbital frequency as a function of the dis-
tance from the star means that gas in the planetary outflow is ad-
vected into leading and trailing arms of the planet's upper
atmosphere.

The consequences for the observable properties of excess helium
absorption of this outflow geometry are marked. Figure 7 presents
the number density of metastable helium and the RV of gas in the
region surrounding the planet. Overlying contours show the cumu-
lative, radial optical depth from the host star in the metastable
helium line. These contours show that the columnar structure of
planetary outflow maintains relatively high optical depth even at

Radial velocity, v, (km s~!)

-20 0

Fig. 7. Number density and RV of the metastable helium in 3D simulations. The left panel shows the showing number density of metastable helium (left) and and the
right panel shows the RV in a postprocessed simulation snapshot (same as Fig. 4) . Contours show the cumulative radial optical depths of 0.01 to 1 in half-dex steps (light
to dark). The dotted contour shows the surface of n.f310~> cm™>. The extended tidal tails of mass loss in this HAT-P-32 Ab analog system imply significant optical depth
of the planetary mass loss even far from the planet itself, in significant contrast to a more-spherical pattern of mass loss. Further, these tidal tails orbit the host star with
little RV (or line-of-sight velocity for an observer) implying that their absorption signatures lie close to the stellar rest frame, which is in excellent agreement with ob-

servations (see Fig. 2).
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large distances from the planet. This can be contrasted to a spherical
outflow, in which the optical depth drops steeply with distance
above the planetary surface. For the observable properties of
HAT-P-32 b's transit, this means that the extended absorption in
PRE and pPosT phases (e.g., Fig. 1) can be attributed to columns of
planetary outflow that are strongly shaped by orbital advection
into leading and trailing tails.

Figure 7 also shows the RV of material with the same overlying
contours of optical depth. We see that on the leading arm, planetary
material has a slight redshift, implying flow toward the host star,
while material in the trailing arm is slightly blueshifted. The RVs
of gas are low compared to the planet's orbital velocity (~170 km
s"). The leading and trailing tails of the planet's escaping atmo-
sphere, therefore, lie close to the stellar rest frame as most of its
motion is along the orbit, perpendicular to an observer during
transit. Several properties of the model affect the kinematics of
the tidal tails of planetary mass loss. We find that one of the stron-
gest effects is the characteristic temperature of the planetary outflow
(controlled by the parameter A in our models). Cooler tidal tails are
shaped more strongly by the tidal potential and are broadened less
by their own thermal expansion. This suggests that more sophisti-
cated modeling that fully reproduces the EW light curve (Fig. 1) and
kinematics as a function of phase (Fig. 2) will be very constraining
about the planetary outflow’s thermodynamics.

The pre and posT tails of material need not share an identical
temperature (as they currently do in our hydrodynamic models).
We find that cooler posT tails better reproduce the redshifts observed
several hours after mid-transit. In addition, it is important to high-
light that there are physical processes not included in our models
that could influence tidal tail kinematics. We have not included mo-
mentum deposition by the stellar radiation field on the outflow di-
rectly in our models, nor have we systematically varied the orbital
eccentricity, the relative strength of the stellar wind, or the thermo-
dynamics of the planetary outflow. Stellar wind and radiation pres-
sure act similarly, applying a roughly r~*-scaled radial pressure away
from the star. Increasing these effects blueshifts the trailing tail and
can erode the leading tail until the outflow forms a cometary mor-
phology (31). Eccentricity introduces waves into the tails, perhaps
including subtle RV signatures. Because these effects interact non-
linearly, sophisticated hydrodynamic simulations are needed to
explore this phase space and to determine to what degree the obser-
vational constraints uniquely determine HAT-P-32 A + b's
properties.

We also supplemented our 3D modeling with 1D hydrodynamic
models [following (58, 59)] of planetary outflows of varying temper-
atures, with otherwise equivalent assumptions. At identical temper-
atures and EW, these 1D models predict ~2x higher planetary mass
loss rate because they neglect the compression of material into tidal
tails. The 1D models also suggest that the best-fitting mass-loss rate
scales as Mp o< T (ie., Mp OCII) )\;1, where T is the outflow temper-
ature), thus giving an indication of how varying the uncertain plan-
etary outflow thermodynamics affects the inferred planetary mass
loss rate [also see (55)].
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