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A Search for Planetary Metastable Helium Absorption in the V1298 Tau System
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Ryan C. TERRIEN, SAMAPORN TINYANONT, GAUTAM VASISHT, JOHN WISNIEWSKI,

ABSTRACT

Early in their lives, planets endure extreme amounts of ionizing radiation from their host stars.
For planets with primordial hydrogen and helium-rich envelopes, this can lead to substantial mass
loss. Direct observations of atmospheric escape in young planetary systems can help elucidate this
critical stage of planetary evolution. In this work, we search for metastable helium absorption—a
tracer of tenuous gas in escaping atmospheres—during transits of three planets orbiting the young
solar analogue V1298 Tau. We characterize the stellar helium line using HET/HPF, and find that it
evolves substantially on timescales of days to months. The line is stable on hour-long timescales except
for one set of spectra taken during the decay phase of a stellar flare, where absoprtion increased with
time. Utilizing a beam-shaping diffuser and a narrowband filter centered on the helium feature, we
observe four transits with Palomar/WIRC: two partial transits of planet d (P = 12.4 days), one partial
transit of planet b (P = 24.1 days), and one full transit of planet ¢ (P = 8.2 days). We do not detect
the transit of planet ¢, and we find no evidence of excess absorption for planet b, with ARy, /R, < 0.019
in our bandpass. We find a tentative absorption signal for planet d with ARy/R, = 0.0205+0.054, but
the best-fit model requires a substantial (-100+14 min) transit-timing offset on a two-month timescale.
Nevertheless, our data suggest that V1298 Tau d may have a high present-day mass-loss rate, making

it a priority target for follow-up observations.
1. INTRODUCTION

The atmospheres of close-in exoplanets evolve sub-
stantially over their lifetimes. As planets cool and
contract after formation, their extended atmospheres
are subject to intense high-energy radiation from their
young, active host stars on timescales of up to a Gyr
(Owen 2019; King & Wheatley 2021). This radiation
heats the planetary thermosphere via photoionization,
and can launch a hydrodynamic wind that carries mass
away from the planet (Murray-Clay et al. 2009). Ad-
ditionally, the planet’s own cooling interior may it-
self power mass loss as the envelope opacity decreases
(Ginzburg et al. 2018; Gupta & Schlichting 2019). Re-
gardless of the mechanism, the impact of early atmo-
spheric mass loss can be observed in population-level
studies of older planets. Over the last decade, this phe-
nomenon has been invoked to explain both the radius
valley (Lopez & Fortney 2013; Owen & Wu 2013; Ful-
ton et al. 2017; Owen & Wu 2017; Fulton & Petigura
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2018; Van Eylen et al. 2018; Hardegree-Ullman et al.
2020) and the lower boundary of the hot Neptune desert
(Lundkvist et al. 2016; Mazeh et al. 2016; Owen & Lai
2018).

In order to accurately interpret population-level
trends, we must rely on models to predict the cumu-
lative atmospheric mass loss from individual planets.
Observations of present-day mass loss rates for close-in
planets provide an invaluable test of these models. For
nearby systems (< 100 pc) that are not fully obscured by
absorption from the interstellar medium, transmission
spectroscopy in the wings of the Lyman-« line can re-
veal escaping high-velocity neutral hydrogen (e.g. Vidal-
Madjar et al. 2003; Lecavelier Des Etangs et al. 2010;
Ehrenreich et al. 2015; Bourrier et al. 2018). Near-
infrared observations of metastable helium absorption
at 1083 nm provide a complementary probe of atmo-
spheric escape (Oklopci¢ & Hirata 2018; Spake et al.
2018). The accessibility of the metastable helium triplet
from the ground makes it well-suited to surveys using
high-resolution spectroscopy (Allart et al. 2018; Nort-
mann et al. 2018; Salz et al. 2018; Allart et al. 2019;
Alonso-Floriano et al. 2019; Kirk et al. 2020; Ninan et al.
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2020; Palle et al. 2020) as well as narrowband photom-
etry (Vissapragada et al. 2020b; Paragas et al. 2021).
Helium absorption has also been detected in two sys-
tems using high-precision R ~ 100 spectroscopy with the
Hubble Space Telescope (Mansfield et al. 2018; Spake et
al. 2018), although the sensitivity of these measurements
is limited by their relatively low spectral resolution.

Over the past few years, these observations have sig-
nificantly expanded the sample of transiting planets
with well-constrained present-day mass loss rates. How-
ever, all of the systems observed to date have estimated
ages of a few Gyr. By that time, most of the major pro-
cesses that sculpt these systems—including atmospheric
erosion—nhave largely concluded. It would be preferable
to observe atmospheric escape in young planetary sys-
tems, as this would allow us to test our understanding
of mass loss physics during the epoch when most at-
mopsheric mass loss is predicted to occur. There are
currently only seven confirmed young (< 100 Myr) tran-
siting planet systems: K2-33 (David et al. 2016; Mann
et al. 2016), V1298 Tau (David et al. 2019a,b), DS Tuc
A (Newton et al. 2019), TOI 837 (Bouma et al. 2020),
AU Mic (Plavchan et al. 2020), TOI 942 (Carleo et al.
2020; Zhou et al. 2021), and HIP 67522 (Rizzuto et al.
2020). The expected magnitude of the outflows from
these young planets depends on their gravitational po-
tentials (e.g. Hirano et al. 2020), which can be calculated
using their measured masses and radii. Unfortunately,
it is difficult to obtain precise radial velocities (RVs) for
young stars (e.g. Beichman et al. 2019; Plavchan et al.
2020; Klein et al. 2020), which severely limits our knowl-
edge of the planetary masses.

Of the aforementioned young transiting systems,
V1298 Tau is a uniquely favorable target for observa-
tions of atmospheric escape. First, it is one of only two K
stars in the sample (David et al. 2019a). K-type stars are
optimal for observations of metastable helium, as they
have a favorable ratio of EUV to mid-UV flux, which sets
the level population in the metastable state (Oklopéié¢
2019). Although early M stars have a similarly favorable
flux ratio, K stars output a larger total EUV flux than
M stars, resulting in more helium ionization and subse-
quent recombination into the metastable state. We note
that because V1298 Tau is a pre-main sequence star, the
radiative physics may differ somewhat from the more
mature K dwarfs considered in Oklop¢ci¢ (2019). The
V1298 Tau system is also dynamically unique; although
the orbital period of the outermost planet is poorly con-
strained, the orbital periods of the three interior planets
are close to a 2:3:6 chain of mean-motion resonances,
with planet ¢ orbiting V1298 Tau every 8.2 days, planet
d every 12.4 days, and planet b every 24.1 days (David

et al. 2019b). This should allow for strong constraints
on the planetary masses using the transit-timing varia-
tion (TTV; Livingston et al. in prep.) technique, cir-
cumventing the difficulties of RV mass measurements for
this young system.

In this work, we use the metastable helium triplet
at 1083 nm to search for atmospheric outflows from
the three innermost planets in the V1298 Tau sys-
tem. In Section 2, we describe our narrowband he-
lium transit observations with the Wide-field InfraRed
Camera (WIRC; Wilson et al. 2003) on the Hale 200"
telescope at Palomar Observatory, as well as comple-
mentary observations obtained with the Habitable-zone
Planet Finder (HPF; Mahadevan et al. 2012, 2014) near-
infrared spectrograph on the 10m Hobby-Eberly Tele-
scope (HET). In Section 3 we fit the resulting transit
light curves, tentatively detecting an increased radius
ratio in the helium bandpass for planet d. We discuss
our results in Section 4, and we conclude in Section 5 by
summarizing the implications of our results and detail-
ing the highest-priority future observations needed for
confirmation.

2. OBSERVATIONS
2.1. Palomar/WIRC

We observed two partial transits of V1298 Tau d, one
full transit of V1298 Tau c¢, and one partial transit of
V1298 Tau b between 2020 October and 2021 January.
A summary of our observations is given in Table 1. We
utilized a beam-shaping diffuser (Stefansson et al. 2017;
Vissapragada et al. 2020a) and a narrowband helium fil-
ter for these observations with an exposure time of 30 s.
The diffuser molds the stellar PSFs into a top-hat shape
with a FWHM of 3", mitigating noise stemming from
time-correlated variations in the stellar point spread
function and improving our overall observing efficiency
by allowing for longer integration times. Our custom
narrowband helium filter is centered at 1083.3 nm with
a FWHM of 0.635 nm. In Vissapragada et al. (2020b),
we presented commissioning observations using this fil-
ter where we reproduced the helium absorption signal
reported by Nortmann et al. (2018) for WASP-69b.

As described in Vissapragada et al. (2020b), the fil-
ter bandpass shifts with angle of incidence (AOI). This
means that only a small fraction of the 8.7’ x 8.7’ field of
view of our camera has an effective bandpass centered on
the the metastable helium feature. We calibrated this
effect at the start of each night by illuminating the de-
tector with light from a helium arc lamp (which emits in
the 1083 nm line) and placing V1298 Tau on the resul-
tant bright semicircular region where the effective filter
bandpass is aligned with the metastable helium feature.



Table 1.

HELIUM IN THE V1298 TAU SYSTEM

Summary of V1298 Tau observations analyzed in this work

Instrument  Planet Coverage Date Start Time End Time Exposures Exposure Time Start/Min/End Airmass
WIRC d Ingress 2020 Oct 8 06:09:49 13:17:25 669 30 s 2.10/1.03/1.24
WIRC d Egress 2020 Nov 27 03:46:32 11:48:57 759 30 s 1.57/1.03/1.93
WIRC c Full 2020 Dec 17 02:39:14 11:00:35 784 30 s 1.50/1.03/2.38
WIRC b Egress 2021 Jan 1 02:40:03 09:58:12 660 30 s 1.23/1.03/2.32

HPF c In-transit 2020 Oct 12 06:38:12 07:42:41 [§ 618 s 1.33/1.13/1.13
HPF - Out-of-transit 2020 Oct 13 11:33:20 12:05:18 3 618 s 1.14/1.14/1.23
HPF - Out-of-transit 2020 Oct 14 11:42:03 12:14:01 3 618 s 1.18/1.28/1.18
HPF — Out-of-transit 2020 Nov 14 09:33:42 10:32:51 6 565 s 1.16/1.16/1.37

NoTe—All dates and times are UT.

Before beginning the exposure sequence on each night,
we also performed a seven-point dither to construct a
sky background frame.

Conditions were clear for the first night of observa-
tions on 2020 October 8 UT, but on 2020 November
27 UT, the seeing was exceptionally poor for Palomar
(sometimes exceeding 3”). On the night of 2020 Decem-
ber 17 UT, there were rapid transparency variations due
to thin cirrus coverage for most of the observation. On
the night of 2021 January 1 UT, conditions were mostly
clear, with some thin cirrus coverage appearing in the
final hour. Due to a software crash we lost about 15
minutes of data in the middle of this final night.

The data were dark-subtracted, flat-fielded, and cor-
rected for bad pixels using the method detailed in
Tinyanont et al. (2019). As in Vissapragada et
al. (2020b), we also corrected the non-uniform back-
ground (which arises from telluric OH emission lines) by
median-scaling the dithered background frame in 10 px
radial steps beginning from the filter zero point at the
top of the detector, where light has encountered the fil-
ter at normal incidence. After image calibration, we
performed aperture photometry on the target star and
two comparison stars of similar brightness (HD 284153
and HD 284154) using the photutils package (Bradley
et al. 2019), trying apertures with radii ranging from
5 to 20 px in 1 px steps (the pixel scale for WIRC is
0725/px). We allowed the aperture centers to shift in
each image in order to track variations in the telescope
pointing, and found average pointing shifts of 2-3 px on
all nights. We subtracted any residual local background
using an annulus around each source with an inner ra-
dius of 25 px and an outer radius of 50 px.

We pre-processed the light curves for all aperture sizes
by clipping 50 outliers using a moving median filter with
a window size of 11. We then selected the optimal aper-
ture size for each night of data by minimizing the per-
point rms of the median-filtered photometry. We pre-
ferred an 11 px aperture for the 2020 October 8 night, a

15 px aperture for the 2020 November 27 night, a 7 px
aperture for the 2020 December 17 night, and a 10 px
aperture for the 2021 January 1 night.

2.2. HPF/HET

We obtained high resolution spectra of V1298 Tau
with the Habitable-zone Planet Finder (HPF) spectro-
graph (Mahadevan et al. 2012, 2014), a high-resolution
(R ~ 55,000) temperature-stabilized (Stefansson et al.
2016) fiber-fed (Kanodia et al. 2018) spectrograph on
the 10m Hobby Eberly Telescope at McDonald Obser-
vatory. HPF operates in the near-infrared (NIR) cover-
ing the z, Y, and J bands from 810-1280 nm, and fully
resolves the He 1083 nm line. We observed V1298 Tau
with HPF on 2020 October 12-14 UT and 2020 Novem-
ber 14 UT. The October 12 observation coincided with
a transit of V1298 Tau c. For the October observations,
we used an exposure time of 617.7 s, and for the Novem-
ber observations we used an exposure time of 564.5 s.
We collected 6 exposures on the first night, 3 exposures
on the second night, 3 exposures on the third night, and
6 exposures on the fourth night, with a median S/N of
143 per 1D extracted pixel at 1 pym.

The HPF 1D spectra were processed using the pro-
cedures described in Ninan et al. (2018), Kaplan et
al. (2019), Metcalf et al. (2019), and Stefansson et al.
(2020). Following Ninan et al. (2020), we elected to ob-
serve V1298 Tau without the simultaneous HPF Laser
Frequency Comb (LFC) calibrator, to minimize any pos-
sible impact from scattered light in the target star fiber.
We deblazed the spectra using a combination of a static
flat HPF exposure and a simultaneous low-order polyno-
mial fit to account for residual low-order spectral differ-
ences for the different HPF visits. To correct for OH-sky
emission, we estimated the sky background using the
simultaneous HPF sky fiber and subtracted this back-
ground from the target star spectrum following Ninan
et al. (2020).
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We correct for telluric absorption by using molecfit
(Smette et al. 2015; Kausch et al. 2015) to fit telluric fea-
tures in the deblazed and continuum normalized HPF
spectra. It is important to obtain an accurate correc-
tion for the time-varying telluric absorption, as there
are two telluric water lines that partially overlap with
the He 1083 nm feature. For the molecfit fit, we used
a Gaussian kernel to describe the HPF PSF. Although
in actuality the HPF PSF shape is more complex, we
tried modeling the PSF as a combination of a Gaus-
sian and a Lorentzian and found that this did not im-
prove the quality of the telluric correction. We therefore
opted to use the simpler Gaussian fit in our final anal-
ysis. We restricted the fit to water lines, and allowed
for the time-varying shape of these telluric features by
fitting each spectrum independently. We also inflated
the uncertainties in the vicinity of the telluric region by
a factor of 1.2 to match the uncertainty estimate with
the as-observed additional scatter due to imperfections
in the telluric correction.

Figure 1 shows the resulting spectra after the telluric
correction is applied. After applying the telluric cor-
rection, we calculated the equivalent width of the line
in a region from 1083.1-1083.48 nm (see grey region in
Figure 1b), which spans the full extent of the observed
variation in the He 1083 nm line. Also shown is a light
curve of V1298 Tau ¢ taken on 2020 October 12 from
the ARCTIC (Astrophysical Research Consortium Tele-
scope Imaging Camera; Huehnerhoff et al. 2016) imager
on the Astrophysical Research Consortium (ARC) 3.5m
Telescope at Apache Point Observatory. The light curve
exhibits a clear stellar flare 19 min before the HPF spec-
troscopic observations started. These observations and
their associated modeling are described in detail in Liv-
ingston et al. (in prep.) Briefly, data were taken with
a beam-shaping diffuser and narrow-band (30 nm) filter
with minimal telluric absorption lines centered around
857nm (see e.g., Stefansson et al. 2017, 2018). The
flare, transit, and correlated noise were modeled us-
ing the allesfitter package (Giinther & Daylan 2019,
2021), using the Davenport et al. (2014) parameteriza-
tion for the flare and a Matern-3,/2 kernel from celerite
(Foreman-Mackey et al. 2017) to describe the correlated
noise.

3. LIGHT-CURVE MODELING
3.1. Palomar/WIRC

We fit the aperture-optimized WIRC photometry us-
ing the exoplanet package (Foreman-Mackey et al.
2020). The priors for our model parameters are listed in
Table 2. For each WIRC dataset, we modeled the light
curve with a limb-darkened transit model (normalized to

one) from starry (Luger et al. 2019) multiplied by a sys-
tematics model and then added to a baseline model. We
fixed the mean ephemerides to the best-fit solution from
Livingston et al. (in prep.), and used TTVOrbit to allow
for an offset in the transit timing for each data set. For
planet ¢, we placed a restrictive prior A/(0 min, 30 min)
on the offset AT, to avoid fitting correlated features at
the edges of the light curve. For planet b, we used a
wide uniform prior #(—120 min, 120 min) on the off-
set AT}. The transit timing for planet d was measured
independently by the Las Cumbres Observatory Global
Telecope (LCOGT Brown et al. 2013) 1 m Sinistro im-
ager on 2020 October 8 UT (Livingston et al. in prep.),
so we fit that transit time #ingress With a normal prior
centered on the LCOGT transit time, and allowed for a
TTV offset between the ingress and egress epochs with
a uniform prior of #(—120 min, 120 min).

We placed a uniform prior on the impact parameter
b, which we sample using the algorithm from Espinoza
(2018). We fit this parameter jointly with detrended
light curves from K2 (David et al. 2019b) in order to
ensure that the final light curves have the correct transit
duration, as we could only achieve partial phase cover-
age in most of our observations. We fit the the radius
ratio in the WIRC bandpass with a wide uniform prior
U(0,0.3) for each planet. We use the difference between
the WIRC radius ratio and the radius ratio in the K2
bandpass (David et al. 2019b) as a measure of the excess
absorption in the helium feature due to the presence of
an extended atmosphere, which we label AR,/R,.. We
additionally included normal priors on the stellar mass
and radius from David et al. (2019b), and fit for the
quadratic limb-darkening coefficients (u1,us) using the
Kipping (2013) prescription. Finally, we fit a photomet-
ric jitter term log(oextra) for each dataset to quantify
the average scatter in excess of the photon noise.

For the baseline, we initially used a linear function
a17’ + ag for each light curve, where a; are free param-
eters with uniform priors ¢(—1, 1) for each dataset and
2’ = x — med(z) are the median-normalized BJD ob-
servation times. For planet ¢, where the observing con-
ditions were relatively poor, we found that the results
exhibited significant correlated noise, so we modeled the
correlated component using an additional Gaussian Pro-
cess (GP) term. We used a Matern-3/2 kernel as im-
plemented in celerite2 (Foreman-Mackey 2018), with
free parameters describing the timescale and amplitude,
p and 0. We placed wide uniform priors of /(0, 0.3 days)
and U(0,0.1), respectively, on these two parameters.

For our systematic noise model we used a linear combi-
nation of detrending vectors, with each vector multiplied
by a weight w; and summed to generate the systematics
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Figure 1. a) Diffuser-assisted transit observations of V1298 Tau c¢. Unbinned data are shown in black, and 6 min binned data
are shown in blue. A large stellar flare is visible during the transit. The best-fit transit plus flare model is shown in red. The
model and data are shown after removing the best-fit Gaussian Process correlated noise model. The black triangles denote
the timing of the HPF observations obtained during the transit. b) Residuals from transit fit. ¢) Spectroscopic observations
obtained with HPF of the He 1083 nm triplet (orange lines show the He 1083 nm triplet in the stellar rest frame). The averaged
spectrum in black was obtained during the transit shown in the left panel, while averaged spectra from HPF visits on other
nights are shown as colored points and lines. The locations of the OH and water lines are indicated in red and blue, respectively.
d-g) Equivalent width (EW) measurements of the He 1083 nm line inside the grey region shown in panel c. We see a linear
increase in the EWs during the transit (black points in d). The EWs remain stable over ~10 min timescales in the other visits,

but change on timescales of days to months.

model. We allowed each of these weights to vary as a
free parameter in the fit with a uniform prior A (—1,1).
There were three detrending vectors for each night, in-
cluding photometry for the two comparison stars and
a proxy for the time-variable telluric water absorption.
As discussed in the previous section, there are two tel-
luric water lines that overlap with the metastable helium
feature. In our photometric observations, we cannot fit
for the telluric water spectrum and remove it from each
individual image frame. Uncorrected time-varying ab-
sorption in these water lines can add correlated noise
to the target star photometry and bias our estimate of
the transit depth. We corrected this time-varying ab-
sorption using the method detailed in Paragas et al.
(2021). In short, we used the integrated OH emission
line intensities in our images to track the stability of the
water feature using the ratio of water-contaminated to
water-uncontaminated OH emission line intensities on
the detector.

We used the No U-Turn Sampler (NUTS; Hoffman
& Gelman 2011) implemented in PyMC3 (Salvatier et al.

2016) to sample the posterior distributions for our model
parameters. We ran four chains, tuning each for 1,000
steps before taking 1,500 draws from the posterior (for a
total of 6,000 draws). The Gelman-Rubin statistic (Gel-
man & Rubin 1992) was less than 1.01 for all sampled
parameters, indicating good convergence. We list the
priors and posteriors for the fits in Table 2, and plot the
phased transit data along with the best-fit models and
residuals in Figure 2.

4. DISCUSSION
The Stellar Helium Line

The spectra in Figure 1 show a broad, deep helium fea-
ture for V1298 Tau, reaching equivalent widths of 0.35
A. The line’s equivalent width varies substantially on
month-long timescales, decreasing to EW = 0.2 A just
one month after the first observation. We conclude that,
for this 23 Myr-old pre-main sequence star, it is critical
to acquire a reliable baseline measurement immediately
before and after the transit. This stands in contrast to
previous literature studies of older stars, which have suc-

4.1.
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Figure 2. Detrended Palomar/WIRC helium light curves and residuals for V1298 Tau b, ¢, and d. For planet ¢ (top left
panel), we overplot the best-fit Gaussian Process model, which was subtracted from the light curve, as a solid red line. In all
panels, unbinned data are shown in gray and data binned to 10 min cadence are shown in black. The circles and triangles for
V1298 Tau d denote data from the first and second nights, respectively. In the top panels, the dashed colored line represents
the best-fit K2 optical light-curve model, the solid colored line indicates the best-fit WIRC light-curve model, and the shaded
region represents the 68% confidence interval on the WIRC model.

Table 2. Priors and posteriors for V1298 Tau fits for WIRC.

Parameter Prior Posterior Units
ATo,e  N(0,30) —1.37318 -
be  Espinoza (2018) 014tgé§ B
Re/R.  U(0,0.3) 0.0128+9-0137 -
ARc/R, |derived] —0.025+0-014 B
tingress  N(2459131.0943,0.0077)  2459131.108870-007"  BJDrpp
TTVyq U(—120,120) —101+14 min
ba  Espinoza (2018) 0,124tg:(1)§§ B
Ra/R.  U(0,0.3) 0.0642+9-0047 -
ARq/R, [derived] 0.020510-0055 B
ATy, U(—120,120) —56.511%4 oin
b, Espinoza (2018) 0_4394:3:8%(15 B
Ry/R. U(0,0.3) 0.012810-0187 -
ARy /R, [derived] 0.0036+0-0093 B
M, N(1.101,0.050) 1.10470-040 Mo
R. N (1.345,0.056) 1.33370-030 Ro
u;  Kipping (2013) 1_804:8:1; B
u2  Kipping (2013) —0.851%0-100 -

Nore—For brevity, we excluded the detrending vector weights,

efficients, and jitter parameters from this table.

baseline co-

cessfully utilized baseline measurements collected across
multiple epochs to measure the strength of the plane-
tary helium absorption during the transit (Ninan et al.
2020). The overall stellar line shape appears to remain
consistent across all of our observations.

Our helium transit light curves also require very
strong limb-darkening in order to obtain a good fit. The
Solar disk is known to exhibit strong limb-darkening
in the helium line (e.g. Harvey & Sheeley 1977), and
this effect may be stronger for young, active stars. Ad-
ditionally, there is a potential degeneracy between the
model limb-darkening and the outflow geometry. Even
for modest outflows, deviations from spherical symme-
try in the extended metastable helium distribution can
change the morphology of the light curve (Wang & Dai
2021a,b). Both of these factors may contribute to the
“V-shaped” appearance of the light curves, especially for
planet d.

4.2. A Stellar Flare Observed in Helium

Six HPF spectra were obtained during a white-light
flare that overlapped with a transit of V1298 Tau c. As
shown in Figure 1, the equivalent width (EW) of the
He 1083 nm line appears to increase during the decay
phase of the flare, whereas observations at other epochs
exhibit stable EWs on similar timescales. We fit the EW
increase in Figure 3 with a linear model (EW = mt + b)
and find that m = 0.66 = 0.19 A day~!. Integrating the
resulting posteriors for the slope m suggests that m > 0
at 99.9% confidence.

Because the flare occurred during the transit of V1298
Tau c, it is difficult to definitively say whether the in-
crease in helium EW during the transit is due to the
star or the planet. CARMENES observations of the
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helium line in M dwarfs have shown evidence for en-
hanced helium absorption during flares (Fuhrmeister et
al. 2020), consistent with our observations here. Recent
work also suggests that stellar flares may lead to tem-
porary enhancements in planetary mass loss rates and
helium absorption; such enhancements are predicted to
lag the peak of the flare by a few hours (the dynamical
timescale; Wang & Dai 2021a). Our observations were
collected 0.5-1.5 hr from the flare peak, so we could also
be observing enhanced helium absorption from planet ¢
due to the flare.

However, as we will discuss in Section 4.3, our non-
detection of helium absorption in planet ¢ allows us to
place an upper limit on the magnitude of helium absorp-
tion from the planet’s atmosphere. This may indicate
that helium in this planet’s atmosphere is already mostly
ionized, in which case any additional high-energy input
from the flare would be unlikely to enhance the level
population in the metastable state. We conclude that
the simplest explanation is an enhancement in chromo-
spheric helium absorption, but this can be tested with
additional helium transit observations of planet c.

4.3. Non-Detections for V1298 Tau b and c

We detected the egress of V1298 Tau b with a modest
transit-timing offset of 7571'%3 min. However, we did
not require an extended planetary radius in the helium
line to fit the data. Our upper limit of AR}, /R, < 0.019
suggests that the planet does not exhibit strong helium
absorption. This planet is relatively distant from its host
star, so its atmosphere may not receive enough high-
energy flux to drive a substantial outflow and/or create
a substantial population of metastable helium. On the
other hand, our data only cover half of the transit, which
limits the sensitivity of our measurement. If planet b

0.37
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0.361
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Figure 3. Linear fit to the metastable helium equivalent
widths in the decay phase of the flare observed on 2020 Oc-
tober 12. The median model is plotted as a red line, and the
grey shaded region represent the 1o credible intervals.

has an extended egress comparable to that of WASP-69
b (Nortmann et al. 2018) and WASP-107 b (Spake et
al. 2021; Wang & Dai 2021b), our data might still be
consistent with a strong excess absorption signal during
the transit. In this case the the transit-timing offset
would need to be even larger, but we cannot exclude
this possibility with the current partial phase coverage.

We were unable to detect the transit of V1298 Tau c
at all. Our light curve exhibited strong correlated noise
on the order of the broadband transit depth, likely stem-
ming from the poor weather conditions during the obser-
vations. Our observations covered the full transit with
approximately a transit duration’s worth of additional
baseline, so it would have required a TTV of 2 3 hr to
shift the transit out of the observation window. We con-
clude that the non-detection is likely due to correlated
noise in our light curve.

The non-detection of an escaping atmosphere is
broadly consistent with recent work by Feinstein et
al. (2021), who observed Ha variations with Gemini-
N/GRACES during a transit of V1298 Tau ¢ but con-
cluded that these variations were most likely stellar in
nature as they did not appear to originate in the plan-
etary rest frame. Our result suggests that either this
planet has a relatively low mass loss rate, or the helium
in the observable region of its atmosphere is mostly ion-
ized. Oklopci¢ (2019) modeled planets orbiting older
(> Gyr) stars and found that planets on very close-in
orbits should have helium ionization fronts at relatively
low altitudes. Because ionization dominates over recom-
bination through most of the upper atmospheres in these
planets, the metastable state is not efficiently populated,
and in-transit absorption in the 1083 nm line is sup-
pressed. Although planet c’s scaled semi-major axis is
an order of magnitude larger than those of the planets
with ionized atmospheres in Oklopci¢ (2019), the star
also outputs 100x more high-energy radiation (Poppen-
haeger et al. 2021), so strong ionization is a plausible
explanation for the non-detection. A thin ionization
front at low altitudes would also place this planet in the
recombination-limited mass loss regime (Murray-Clay et
al. 2009; Owen & Alvarez 2016; Lampoén et al. 2021).
Consequently, the mass-loss efficiency (in the energy-
limited formalism) should be quite low.

4.4. A Tentative Signal for V1298 Tau d

For planet d, we find stronger evidence for an extended
atmosphere with ARq/R, = 0.018 £0.005 (3.60). How-
ever, the posterior requires a rather large transit-timing
offset between the ingress and egress epochs of V1298
Tau d of —100 & 20 min. We note that the K2 data,
which spanned a period of two months, did not ex-
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hibit such large short-periodic TTVs. The data span-
ning ingress are well-behaved, with a scatter close to
the photon noise limit and relatively little correlated
noise. The transit time for this epoch was also inde-
pendently measured with a broadband light curve (see
§2), and the timing of ingress is tightly constrained by
these data. On the other hand, the egress data have a
larger variance relative to the photon noise limit and do
not have any independent transit timing constraints. It
is therefore possible that our constraints on the egress
time are somehow biased by correlated noise in our data;
if this is the case, it would also affect our estimate of the
transit depth in the helium band. We therefore consider
the measured excess absorption signal to be tentative at
best.

We tested the robustness of our fit by adding the PSF
widths and centroid offsets as covariates with their own
weights in our systematics model. The former covari-
ate is particularly relevant for the night of the egress
observation (November 27), which had relatively poor
and variable seeing. We found that the best-fit weights
for these parameters were indistinguishable from zero,
yielding parameter estimates within 1o of those reported
in Table 2. We conclude that our choice of systematics
model has a negligible impact on the best-fit transit tim-
ing offset.

We next consider whether or not telluric effects might
cause a spurious signal in our data. As discussed in
82, our helium bandpass overlaps with a strong telluric
water feature, which can introduce a time-varying signal
into our light curves (Paragas et al. 2021). While we cor-
rect for this effect by using a proxy for the time-varying
water column as a detrending vector for all observations,
the correction may be inadequate if the planetary helium
absorption signal overlaps with the telluric water lines
and both are variable. For typical line widths, the wa-
ter line will encroach on the planetary helium feature
for geocentric velocities of 50 km/s < v < 85 km/s.
The geocentric velocity of V1298 Tau on our WIRC
nights ranges between -8 km/s (for the 2020 October
observations) and 33 km/s (for the 2021 January ob-
servations). However, for strong planetary outflows the
line may be broadened (Wang & Dai 2021b), resulting
in overlap with the telluric water features. Even at a
modest 10 km/s geocentric velocity, the 2020 November
HPF observations revealed that the strongly broadened
stellar helium line was beginning to overlap with the
telluric water lines. If the planetary helium line is sim-
ilarly broad, then it is likely to overlap with the water
line. Because the data for V1298 Tau d presented here
are taken at small geocentric velocities, they should be
less prone to this second-order effect.

—_ - —_
o [ [
[®1) [=} ol

,_\
e
=)

logio M (logo g s74)

©
n

| | | | |
5000 6000 7000 8000 9000 10000 11000 12000
To (K)

Figure 4. Combinations of mass-loss rate M and outflow
temperature Tp that generate helium absorption consistent
with our V1298 Tau d light curve. Solutions are calculated
assuming the planet is 20Mg (green), 50Mg (orange), and
100Mg (blue). Shaded regions denote lo agreement with
the observations and dotted lines denote 30 agreement.

4.5. Atmospheric Escape Modeling

If we assume that the excess absorption signal ob-
served for V1298 Tau d is due to the extended atmo-
sphere of the planet, we can translate this quantity into
an inferred mass loss rate. We compare our measured
ARq/R, value to predictions from the atmospheric es-
cape model described in Oklop¢ié¢ & Hirata (2018). This
model treats the outflow as a 1D Parker wind with a
fixed mass-loss rate M and thermosphere temperature
Ty, and compute the level populations and resulting he-
lium absorption signal during transit. We explored mod-
els spanning a wide range of thermosphere temperatures
and mass loss rates, motivated by the broad range of
values obtained in numerical simulations of atmospheric
escape for a diverse sample of exoplanets presented in
Salz et al. (2016). We mapped out the regions where
the model predictions were consistent with our observa-
tions. For the photoionization and level population cal-
culations we constructed an input stellar spectrum with
an integrated XUV flux consistent with the estimate for
V1298 Tau derived by Poppenhaeger et al. (2021), and
a mid-UV flux consistent with spectra of T Tauri stars
from Ingleby et al. (2013). We tested our sensitivity to
the assumed high-energy stellar spectrum by re-running
the intermediate mass model grid with a different input
spectrum (also satisfying the integrated XUV flux esti-
mate from Poppenhaeger et al. 2021, but with different
wavelength dependence), and found that it shifted our
inferred mass loss rates upward by approximately a fac-
tor of three; we conclude that the stellar spectrum is
a comparable or smaller source of uncertainty than the
assumed planet mass (see discussion below).
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In order to run these models, we must assume a value
for the planet mass. Unfortunately, there are no pub-
lished measurements of the mass of V1298 Tau d. We
therefore ran three separate model grids for representa-
tive masses of 20 Mg, 50 Mg, and 100 Mg. The latter
mass is a rough empirical upper limit from Thorngren
et al. (2019), who studied an ensemble of older gas giant
planets cooler than 1000 K. Planets in their sample with
radii comparable to V1298 Tau d have M < 100Mg, so
we take this as a conservative upper limit on the mass
of planet d. On the low-mass end, previous studies of
the V1298 system (David et al. 2019a,b) have suggested
that these planets may have masses closer to those of the
sub-Neptune population observed by Kepler (i.e., 1-10
Myg). This idea is supported by the current ensemble of
TTV measurements for this system, which appear to fa-
vor Mg < 10Mg, (Livingston et al. in prep.). For masses
below 10 Mg, the radius at which isothermal Parker
wind becomes supersonic (assuming our standard range
of thermospheric temperatures and the high ionization
state of the atmosphere caused by the strong XUV flux
of the host star) falls below the nominal radius of the
planet. Since we do not consider our model assumption
to be applicable in the low-mass part of the parameter
space, we restrict our analysis to planet masses above
20 Mg. We therefore use a 20 Mg model as our lowest
mass case, and present the results in Figure 4.

Perhaps unsurprisingly, we find that there are a wide
range of mass-loss rates that are consistent with our
observations. For the nominal input spectrum, we can
place a lower limit of M/M = 24 Gyr (30) on the atmo-
spheric lifetime for the hottest 20 Mg model. At a fixed
thermosphere temperature, as the assumed mass in-
creases the maximum mass-loss rate consistent with the
data decreases, leading to even longer atmospheric life-
times. This suggests that the atmosphere of V1298 Tau
d should be stable against catastrophic mass loss if the
planetary mass is indeed 20 Mg or larger. We can also
estimate the threshold for catastrophic mass loss, here
defined as M/ M < 1 Gyr, by assuming the largest mass-
loss rate consistent with our observations still holds for
My < 20Mg. This approach suggests that the envelope
can be fully removed if My < (10112 g/s)(1 Gyr) ~ Mg,
In reality, the crossover to catastrophic escape will hap-
pen at a larger mass as the mass-loss rate should be even
larger for My < 20Mg, but because we cannot model
these cases with the 1D Parker wind methodology, we
default to this conservative approximation.

5. CONCLUSIONS

In this work, we searched for metastable helium in the
atmospheres of V1298 Tau b, ¢, and d. We first charac-

terized the stellar helium line using high-resolution spec-
tra from HET /HPF. We found that the helium line is
relatively stable on hourly timescales in quiescent con-
ditions, but can be highly variable timescales of days
to months. We observed an appreciable increase in
the helium equivalent width of spectra gathered dur-
ing a transit of planet c, in the decay phase of a flare
that was simultaneously observed photometrically with
APO/ARCTIC. We concluded that this increase was
most likely due to an increased population of metastable
helium in the stellar chromosphere. We used diffuser-
assisted narrowband photometry to measure light curves
of V1298 Tau in a bandbass centered on the 1083 nm
helium feature on four nights. We did not detect the
transit of V1298 Tau ¢, and we modeled the transit of
V1298 Tau b without needing an extended atmosphere.
We found tentative evidence for planetary helium ab-
sorption in V1298 Tau d (3.60 significance), but the
best-fit model required a relatively large transit-timing
offset between the two transit epochs.

V1298 Tau is the only known young transiting sys-
tem near a resonant chain, making it an important tar-
get for young planet studies. Ongoing TTV studies
should eventually allow us to obtain well-constrained
mass measurements (Livingston et al. in prep), there-
fore circumventing the difficulties of obtaining precise
radial velocity measurements for this young, active star.
TESS will observe V1298 Tau from 2021 September to
2021 November, significantly expanding the TTV base-
line and providing improved dynamical constraints on
the planet masses. These new observations will also
help to reduce the growing uncertainty in the planetary
ephemerides, which will be crucial for scheduling future
ground-based transit observations. We expect that in
the coming years, additional helium transit observations
will be able to clarify the planetary origin of the ten-
tative signal we report here. Ideally these observations
should be obtained with long baselines and at geocentric
velocities where the stellar helium line and the telluric
water features do not overlap. High resolution cover-
age of the metastable helium feature would also make it
easier to disentangle the time-varying planetary, stellar,
and telluric signals.

If the excess absorption signal from V1298 d can be
confirmed at high signal-to-noise and combined with a
well-constrained TTV mass measurement, our estimate
of the planet’s absolute mass loss rate will be limited
by our knowledge of the star’s high energy spectrum.
Poppenhaeger et al. (2021) measured V1298 Tau’s X-
ray spectrum between 0.1 keV and 2 keV, but the pho-
toionization physics for metastable helium is governed
primarily by mid-UV and EUV flux near the ionization
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thresholds of the metastable and ground states, respec-
tively (Oklopé¢i¢ & Hirata 2018; Oklopci¢ 2019). One
way of reconstructing the EUV spectrum is the differ-
ential emission measure technique, which relies on mea-
surements of stellar emission lines in the FUV (Duvvuri
et al. 2021). Although it would be challenging to detect
these lines in V1298 Tau’s spectrum, as this star is lo-
cated at a distance of 108.5 pc, they may be observable
with the Hubble Space Telescope.

Constraining mass-loss rates in a young, well-
characterized multi-planet system remains an impor-
tant goal. These measurements can help differentiate
between the recombination-limited, energy-limited, and
photon-limited regimes for mass loss at early times,
which would have crucial implications for the outflow
efficiencies (Lampon et al. 2021). In turn, this would al-
low us to benchmark population-level mass-loss models,
like those used to infer core masses and compositions of
the Kepler planets (Rogers & Owen 2021). As the pre-
cision of mass-loss measurements improve for younger
planets, V1298 Tau will be a keystone system for under-
standing and characterizing this crucial process when it
is most important for planetary evolution.
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