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Abstract

The near-term search for life beyond the solar system currently focuses on transiting planets orbiting small M dwarfs,
and the challenges of detecting signs of life in their atmospheres. However, planets orbiting white dwarfs (WDs) would
provide a unique opportunity to characterize rocky worlds. The discovery of the first transiting giant planet orbiting a
WD, WD 18564534, showed that planetary-mass objects can survive close-in orbits around WDs. The large radius
ratio between WD planets and their host renders them exceptional targets for transmission spectroscopy. Here, we
explore the molecular detectability and atmospheric characterization potential for a notional Earth-like planet, evolving
in the habitable zone of WD 18564534, with the James Webb Space Telescope JWST). We establish that the
atmospheric composition of such Earth-like planets orbiting WDs can be precisely retrieved with JWST. We
demonstrate that robust >5¢ detections of H;O and CO, can be achieved in a five-transit reconnaissance program,
while the biosignatures O3 + CH, and CH4 4 N,O can be detected to >4¢ in as few as 25 transits. N, and O, can be
detected to >5¢0 within 100 transits. Given the short transit duration of WD habitable zone planets (~2 minutes for
WD 1856+4534), conclusive molecular detections can be achieved in a small or medium JWST transmission
spectroscopy program. Rocky planets in the WD habitable zone therefore represent a promising opportunity to
characterize terrestrial planet atmospheres and explore the possibility of a second genesis on these worlds.
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1. Introduction

The discovery of a planetary-mass object orbiting WD 1856
4534 (Vanderburg et al. 2020) shows that such objects can
survive close-in (<0.02 au) orbits around white dwarfs (WDs).
This complements the recent detection of a gaseous debris disk
from a giant planet orbiting WD J0914+1914 (Génsicke et al.
2019). It is well established that 25%-50% of WDs display
spectral signatures from recent metal pollution (e.g., Koester
et al. 2014), a sign of rocky bodies scattered toward the host
resulting in orbiting planetary debris (e.g., Jura & Young 2014;
Vanderburg et al. 2015; Bonsor et al. 2020). These discoveries
indicate rocky bodies exist in WD systems, motivating searches
for terrestrial planets around WDs (e.g., Fulton et al. 2014; van
Sluijs & Van Eylen 2018).

The origin and survival of close-in planets orbiting WDs
have seen active theoretical study. Once a main-sequence star
evolves into a WD, stable planetary systems can undergo
violent dynamical instabilities (Debes & Sigurdsson 2002),
exciting planets into high-eccentricity, low-pericenter orbits
(Veras & Ginsicke 2015). These orbits can rapidly circularize
due to tidal dissipation, leading in some circumstances to the
survival of planets in close-in orbits (Veras & Fuller 2019).

The possibility of habitable planets orbiting WDs has been
discussed by several authors (e.g., McCree 1971; Agol 2011;

* Joint 1st authors.
5 NASA Sagan Fellow.

Fossati et al. 2012; Loeb & Maoz 2013; Kozakis et al.
2018, 2020). Though such a planet has yet to be discovered,
observations with the NASA K2 mission (Howell et al. 2014)
have constrained the occurrence rate of Earth-sized habitable
zone (HZ) planets around nearby WDs to be <28% (van Sluijs
& Van Eylen 2018). Planets orbiting WDs experience
relatively stable environments for billions of years after initial
cooling. An average WD spends several billion years cooling
from 6000 to 4000 K (Bergeron et al. 2001), providing planets
in the WD HZ with a habitable timescale nearly twice that
expected for Earth (Kozakis et al. 2018).

Spectroscopic observations of giant planets, mini-Neptunes,
and super-Earths around main-sequence stars have yielded
detections of molecular, atomic, and ionic species in dozens of
planets (e.g., Charbonneau et al. 2002; Deming et al. 2013;
Hoeijmakers et al. 2018; Benneke et al. 2019a). Transiting
planets orbiting smaller stars are generally easier to character-
ize, due to their increased planet-to-star size ratio. Conse-
quently, the smallest worlds characterized to date, including
K2-18b (Benneke et al. 2019b; Tsiaras et al. 2019) and LHS
3884b (Kreidberg et al. 2019), reside around small stars.

Proposals to extend the “small star opportunity” to HZ
terrestrial planets have focused on small M-type stars.
Discoveries such as Proxima b (Anglada-Escudg¢ et al. 2016)
and the TRAPPIST-1 system (Gillon et al. 2017) have resulted
in numerous studies of their atmospheric characterization
potential (e.g., Barstow & Irwin 2016; Morley et al. 2017;
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Figure 1. Transmission spectroscopy of an Earth-like planet orbiting a white dwarf. Left: transit geometry for an Earth-radius exoplanet in the WD 18564534 system
(observer’s perspective). The WD (white disk), planet (dark gray disk), and planetary atmosphere (blue annulus) are to scale. This geometry has a fractional flux
decrement during transit, or transit depth, of ~50%. Right: corresponding model transmission spectrum and synthetic JWST observations. The high-resolution model
(R = 50,000, blue) is binned to a low resolution (R = 100, red) for comparison with simulated JWST NIRSpec Prism observations.

Lin & Kaltenegger 2020; Tremblay et al. 2020). The James
Webb Space Telescope (JWST) offers a near-term avenue to
access these atmospheres. However, while some molecular
detections, such as CO, and H,O, can be achieved for HZ
planets in ~10 transits for nearby M-dwarf planets (Krissansen-
Totton et al. 2018; Lustig-Yaeger et al. 2019), the detection of
biosignatures, such as Oz or O, combined with a reducing gas
like CH, (see Kaltenegger 2017 for a recent review) will be at
the limit of JWST’s capability over its lifetime (Lustig-Yaeger
et al. 2019).

WDs, similar in size to Earth, offer even better contrast ratios
than M dwarfs, rendering rocky planets around WDs promising
targets for atmospheric characterization (Agol 2011; Loeb &
Maoz 2013; Kozakis et al. 2020). While small planets orbiting
WDs could be second-generation planets and provide different
conditions than on Earth (see e.g., discussion in Kozakis et al.
2018), characterizing WD planets would answer intriguing
questions on lifespans of biota (e.g., Sagan et al. 1993;
O’Malley-James et al. 2013; Kaltenegger 2017) or a second
“genesis” after a star’s death. However, a detailed analysis
examining the detectability of specific molecular species,
including biosignatures, in the atmospheres of HZ planets
around WDs has yet to be undertaken.

In this Letter, we demonstrate the atmospheric characteriza-
tion potential with JWST for a notional Earth-like planet that
evolved around a WD. In what follows, we generate a model
transmission spectrum, produce synthetic JWST observations,
and conduct an extensive atmospheric retrieval analysis.

2. The Atmospheres of Earth-like Planets Orbiting White
Dwarfs

Consider a notional planet with the radius and mass of Earth
residing in the HZ of WD 1856+-534. Given the incident flux
and orbital parameters of WD 1856+534b (S = 0.191 S,
a/R, = 326.9, P = 1.41 day; Vanderburg et al. 2020), scaling
to the irradiation of the modern Earth (S = Sg) yields
a/Ry, = 142.86 and P = 9.8 hr. Residing at 2.9 Roche radii,
such a planet would experience strong tidal forces—with long-
term survival largely contingent on the planetary viscosity (see
Veras et al. 2019). Our nominal Earth-like planet, orbiting a

WD with R, = 0.0131 Ry, has R,/R, = 0.6995, a transit
depth of (R, /R*)2 ~ 49%, transit probability of ~1.2%, and a
transit duration of 2.2 minutes. The geometry of our system is
shown in Figure 1 (left panel).

2.1. Atmospheric Models

We model the atmosphere of our Earth-like exoplanet, which
evolved around a WD, using EXO-Prime (Kaltenegger &
Sasselov 2010)—a 1D radiative-convective terrestrial atmos-
phere code. Given an incident stellar/host spectrum and
planetary outgassing rates, EXO-Prime couples 1D climate
and photochemistry models to compute the vertical temperature
structure and atmospheric mixing ratio profiles. The application
of EXO-Prime to Earth-like planets evolving around WD hosts
from T, = 60004000 K is extensively described in Kozakis
et al. (2018, 2020). Here, we define “Earth-like” to refer to an
Earth-radius and Earth-mass planet with similar outgassing
rates to the modern Earth.

The irradiation environment around a WD changes the
atmospheric composition of an Earth-like planet compared to
the modern Earth (Kozakis et al. 2018). Given the temperature
of WD 18564534 (T = 4710 K, Vanderburg et al. 2020),
we use the 5000 K WD HZ terrestrial planet model from
Kozakis et al. (2020) for our analysis. We note that WD hosts
display largely featureless spectra’ (Saumon et al. 2014),
similar to blackbodies, below 5000 K (Kepler et al. 2016). The
atmosphere of a rocky planet receiving S = S, around a
5000 K WD host, with Earth-like outgassing rates, shows
higher levels of CHy, lower O3, and similar H,O concentrations
compared to Earth, along with a temperature inversion. We
note that the surface UV environment of a WD planet is time
dependent, impacting the atmospheric composition (see
Kozakis et al. 2018). We tested our model sensitivity to UV
levels by artificially increasing the flux in our Lya bin
(1200-1300 A) by 1000x. Such an unphysical increase only
slightly lowers the CH,4, H>O, O3, and N,O abundances in the
upper atmosphere (<a factor of 3), so our results are robust to

7" For our input stellar spectrum, see the supplementary material on Zenodo,

doi:10.5281/zenodo.3960468.
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higher UV environments expected around younger WDs. A
detailed account of our climate-photochemistry model is
provided in Kozakis et al. (2018).

2.2. Transmission Spectrum

Our model transmission spectrum is computed with the
POSEIDON radiative transfer code (MacDonald & Madhusudhan
2017). POSEIDON has been widely applied to the modeling and
interpretation of giant planet atmospheres, ranging from hot
Jupiters to exo-Neptunes (e.g., Sedaghati et al. 2017; Kilpatrick
et al. 2018; MacDonald & Madhusudhan 2019). For the present
study, we extended the opacity database in POSEIDON to include
all molecular species with prominent absorption features expected
in the atmospheres of Earth-like planets orbiting WDs (Kozakis
et al. 2020). We pre-computed cross sections for O,, Oz, H,0,
CH,4, N,O, CO,, CO, and CH;3Cl from HITRAN2016 line lists
(Gordon et al. 2017) using the HITRAN Application Program-
ming Interface (Kochanov et al. 2016). Our cross-section grid
covers temperatures from 100 to 400 K (20 K spacing), pressures
from 107 to 10 bar (1 dex spacing), and wavelengths from 0.4 to
50 um (0.01 cm ™" resolution). All spectral lines are modeled as
air-broadened Voigt profiles, with the line wings calculated to
either 500 half-width at half-maximum or 30 cm~' from the line
core (whichever deviation is smaller). Given the importance of
optical wavelength O5 opacity in terrestrial planet transmission
spectra (e.g., Kaltenegger 2017; Meadows et al. 2018; Kozakis
et al. 2020), not currently included in HITRAN, we employ
the temperature-dependent O5 cross sections from Serdyuchenko
et al. (2014). The latest HITRAN collision-induced absorption
(CIA) data, COVeril'lg N2_N2, 02—02, 02_N2, N2—H20, Oz—COQ,
CO,—CO,, and CO,-CHy, are also included (Karman et al. 2019).

A high-resolution transmission spectrum is derived from
radiative transfer through our model Earth-like atmosphere.
The equation of radiative transfer is solved by integrating the
wavelength-dependent extinction coefficient along the line of
sight for successive atmospheric annuli. The mixing ratio
profiles and temperature structure described in Section 2.1 were
interpolated onto an altitude grid with 10 layers per pressure
decade, uniformly spaced in log-pressure, from the surface to
10”7 bar. For layers above 0.1 mbar, the atmosphere was
assumed to possess the same temperature and composition as
present at 0.1 mbar.® The resultant high-resolution spectrum
matches the spectra modeled by Kozakis et al. (2020)—with
the addition of CIA, which has been added to the transmission
spectra presented here.

We modify our radiative transfer prescription to correct for
the effect of refraction. Light rays probing sufficiently dense,
deep regions of an atmosphere do not contribute to transmis-
sion spectra due to refraction preventing rays reaching a distant
observer (e.g., Bétrémieux & Kaltenegger 2014; Robinson
et al. 2017). For a given planet and atmosphere, this effect is
most prominent where the angular size of a star from the
perspective of its planet is small. For example, a remote
observation of the Earth—-Sun system would yield a transmis-
sion spectrum that can only be probed down to altitudes of
about 12.7 km (e.g., Bétrémieux & Kaltenegger 2014). In the
case of our WD planet (Ry/a < 10~2), we employ Equation
(14) from Robinson et al. (2017) to estimate a refractive surface
that occurs at 0.523 bar (5.2km altitude). We simulate the

8 The resulting temperature and mixing ratio profiles are shown in the

supplementary material on Zenodo, doi:10.5281/zenodo.3960468.
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effect of refraction by neglecting the contribution of impact
parameters below the refractive surface (e.g., Bétrémieux &
Kaltenegger 2014; Robinson et al. 2017; Macdonald & Cowan
2019). Following this procedure, we computed a high-resolution
(R = 50,000) transmission spectrum from 0.4 to 5.4 ym, shown
in Figure 1 (right panel).

3. Observing Earth-like Planets Orbiting White Dwarfs
with JWST

Observational spectroscopy of transiting planets orbiting
WDs presents unique opportunities and challenges compared to
main-sequence stars. First, there are the intrinsic challenges of
the presently unknown occurrence rate of planets in the WD
HZ (van Sluijs & Van Eylen 2018) and the geometric
probability of observable transits (=~1%). Second, there are
technical challenges of fainter hosts (J > 13) and transit
durations on minute timescales. On the other hand, a distinct
opportunity is intrinsically strong atmospheric molecular
features due to the high R,/R, (250%). Should such a
transiting planet be detected in the future, here we demonstrate
that the predicted strength of atmospheric signatures overcomes
the aforementioned technical issues, resulting in highly
favorable transmission spectroscopy with JWST.

3.1. Observational Strategy

Imagine now observing an Earth-like planet transiting WD
18564534 with JWST. With a 2.2 minute transit duration, and
a twice-transit out-of-transit baseline, a minimum exposure
time of 6.6 minutes per transit results. However, JWST time
constrained observations’ incur a 1hr penalty per visit to
ensure a sufficient baseline to characterize instrument systema-
tics. We therefore conservatively allocate 1.5 hr observing time
per transit. Further allowing a 40% overhead'® above the
science time, we estimate 12 transits can fit in a small program
(<25 hr), 35 in a medium program (<75 hr), and 35+ in a large
program (>75hr). In what follows, we consider the atmo-
spheric characterization potential of representative small,
medium, and large JWST programs.

3.2. Simulated JWST Observations

We simulate JWST observations with the NIRSpec Prism
using PandExo (Batalha et al. 2017). The NIRSpec Prism
covers a wide spectral range (0.6-5.3 um) in a single transit,
yielding high information content for terrestrial exoplanet
atmospheres (Batalha et al. 2018). We focus on the Prism due
to its coverage of a wide array of spectral features, including
0,, O3, H,O, CO,, CHy, and N,O (see Figure 2). Other
instrument modes, such as NIRISS SOSS, may provide
complementary information in narrower spectral regions. We
generated synthetic JWST observations for 1, 2, 3, 5, 10, 25,
50, and 100 transits using the NIRSpec Prism’s 512 subarray
for the model transmission spectrum from Section 2.2.
Example noise instances for the 10- and 50-transit cases are
shown in Figure 1 (right panel). For the host WD spectrum,
we assume a 4780 K blackbody, normalized to J = 15.677

®  Observations in which the commencement window acceptable margin is
<1 hr; see JWST Cycle 1 documentation (https://jwst-docs.stsci.edu/jwst-
opportunities-and-policies /jwst-call-for-proposals-for-cycle-1 /jwst-cycle-1-
observation-types-and-restrictions /time-constrained-observations).

19 Based on approved program #1331 (http:/ /www.stsci.edu/jwst/
observing-programs /program-information?id=1331; PI: Nikole Lewis).
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Figure 2. Molecular contributions to the transmission spectrum of an Earth-like exoplanet orbiting WD 1856+534. We display the best-fitting transmission spectrum
retrieved from a simulated 25-transit JWST program (green shading). The opacity contributions of each retrieved molecule (colored curves) are shown, relative to the
spectral continuum due to Rayleigh scattering and refraction (gray curve). Prominent absorption features are labeled. Collision-induced absorption (CIA) pairs
featuring O, (0,—O, and O,—N,) are depicted alongside the O, contribution. N,—-N, CIA provides a contribution around 4 ym. All contributions are plotted at
R = 100 for ease of comparison with the simulated JWST observations (error bars). The number of equivalent scale heights (H ~ 8.8 km) above the surface, for
which an opaque atmosphere at a given wavelength would produce the same transit depth, is shown on the right. For such observations, H,O, CO,, CHy4, and O; are

confidently detected to >5¢ confidence, N,O to >40, and O, to >20.

(Cutri et al. 2003). For a total integration time (inside and
outside transit) of 1.5 hr, PandExo’s optimizer determined a
~38s exposure time and 166 groups per integration. We
generated simulated observations at their native resolution
(R ~ 30-300) to avoid information loss from binning (see
Benneke & Seager 2013; Tremblay et al. 2020).

The spectral uncertainties generated by PandExo can be used
in two ways. One approach produces simulated observations
for a specific (Gaussian) noise instance (e.g., Figure 1).
However, as noted by Feng et al. (2018), results derived
whenceforth are specific to this noise instance. They showed
that a data set with the same uncertainties, but centered on the
model, results in derived probability distributions representa-
tive of the average over many noise instances (via the central
limit theorem). We follow this second approach in reporting
our predicted detection significances and abundance con-
straints, ensuring our results are unbiased by individual noise
realizations. Nevertheless, we verified that consistent results
occur using data with Gaussian scatter. We now subject our
simulated JWST data sets to a series of atmospheric retrievals,
assessing the ability to recover atmospheric information from
such observations.

4. Characterization of White Dwarf Planet Atmospheres
with JWST

Here we present the first detailed study of the atmospheric
characterization potential for Earth-like planets orbiting WDs
with JWST. We employ the technique of atmospheric retrieval
to explore the range of models consistent with synthetic JWST
observations. In what follows, we first outline our retrieval
process, before presenting predicted detection significances and

mixing ratio constraints for the most abundant molecules in our
Earth-like atmosphere around a WD.

4.1. Atmospheric Retrieval Procedure

Atmospheric retrieval refers to the inversion of atmospheric
properties from a planetary spectrum. Retrieval codes couple a
parametric atmospheric model and radiative transfer solver
with a statistical sampling algorithm. Retrieval techniques are
commonly applied in solar system remote sounding (e.g., Irwin
et al. 2018) and to spectroscopy of giant exoplanets (see
Madhusudhan 2018 for a review). Here, we employ atmo-
spheric retrievals to rigorously conduct Bayesian parameter
estimation and nested model comparisons.

Our retrievals are computed using the retrieval module of
POSEIDON (MacDonald & Madhusudhan 2017). This utilizes
a parametric version of the transmission spectrum model
described in Section 2.2, coupled with the nested sampling
algorithm MultiNest (Feroz & Hobson 2008; Feroz et al.
2009, 2019). The atmosphere is divided into 81 layers
uniformly spaced in log-pressure from 10’ to 10bar. The
mixing ratios of O,, O3, H,O, CO,, CHy, N,O, CO, and
CH;Cl, assumed uniform in altitude, are ascribed as free
parameters, with the remaining gas composed of N,. Each
mixing ratio has a log-uniform prior from 10~'? to 1, with
mixing ratio sums exceeding unity rejected. The temperature
structure is parameterized by the six-parameter function from
Madhusudhan & Seager (2009), with priors as in MacDonald
& Madhusudhan (2019) but for a surface (1 bar) temperature
parameter (uniform prior from 100 to 400 K). Two parameters
are also assigned for the planetary radius at 1 bar (uniform prior
from 0.8 to 1.2 R;) and the pressure of the refractive surface
(log-uniform prior from 10" to 10 bar). This yields a total of



THE ASTROPHYSICAL JOURNAL LETTERS, 901:L1 (9pp), 2020 September 20

JWST Observing Time (hours)

Kaltenegger & MacDonald et al.

Small Medium Large
102 3 4 5 10 15 20 25 50 75 100 150 200
Predicted Detectability
o 8F — H,O =— O3 =— O,
B = — CO; N0
- 3 — CHy — N3
g 3|6
< O
O
= Bl A
c o
SIS
o p—] s_'
0)] ala
g
O  Qp [
B ©
O 3
g <3
Q=
D |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
4
8
=
2 1 I 1 1

10 25 50 100

Number of Transits

Figure 3. Predicted detection significances of atmospheric molecular species for an Earth-like planet orbiting WD 1856+534. The predictions are given as a function
of the number of transits (2.2 minute duration) and corresponding JWST observing time (including time constrained observation charges and overheads; see
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Section 3.1). The detection significances are sorted into “weak,” “moderate,

strong,” and “conclusive” detections (shaded regions), according to an adaptation of the

Jeffreys scale for Bayesian model comparisons (e.g., Trotta 2017). The boundaries (dotted lines) occur at 2.7, 3.60, and 5.00, respectively. Within a 10-transit small
program (~20 hr), H,O and CO, can be conclusively detected, with CH, and O3 detected to >30. A 25-transit medium program (~50 hr) can conclusively detect CH,
and Os, while additionally detecting N,O to >40. A further increase to a 100-transit large program (~200 hr) yields conclusive detections of N, and O,.

16 free parameters. Radiative transfer is evaluated at R = 2000
from 0.5 to 5.4 pum, with each model spectrum convolved to the
resolving power of the NIRSpec Prism and integrated over its
sensitivity function for comparison with each data point. The
parameter space exploration is conducted via the PyMultiNest
package (Buchner et al. 2014) with 2000 live points.

We conducted eight atmospheric retrievals for each synthetic
JWST data set, for a total of 64 retrievals. For each number of
transits, one “full” retrieval was computed for parameter
estimation, along with seven retrievals each excluding one
molecule. These nested retrievals yield prediction detection
significances for N,, O,, O3, H,O, CO,, CH4, and N,O (CO
and CH;Cl are unconstrained in all cases) via Bayesian model
comparisons (see Trotta 2017). A typical retrieval involved the
computation of 1-5 million transmission spectra. We show an
example of the best-fitting spectrum from the 25-transit case in
Figure 2, demonstrating the ability to correctly infer the
principal molecular species present in our model atmosphere.
We now proceed to present the results from our series of
atmospheric retrievals.

4.2. The Detectability of Atmospheric Molecules in Terrestrial
Planets Orbiting White Dwarfs

Many atmospheric molecules, including prospective bio-
signatures, can be readily detected in Earth-like planets orbiting

WDs with JWST. Our predicted detection significances are
shown in Figure 3, categorized according to an adaptation of
the Jeffreys scale for Bayesian model comparisons (e.g.,
Trotta 2017). The easiest molecules to detect are H,O and CO,,
owing to their multiple strong absorption features throughout
the infrared (see Figure 2). A single transit is sufficient to
provide evidence for H,O and CO, at >20. A five-transit
reconnaissance program can yield >5¢ detections of H,O and
CO,, providing guidance for subsequent larger programs.
Detecting other species becomes possible with only a few
additional transits. CH, and Oj are detectable at >3¢ in 10
transits, accessible within a small JWST program. The strong
detectability of Oj is enabled by the prominent Chappuis and
Wulf bands at visible wavelengths (see Serdyuchenko et al.
2014), with a lesser contribution from the 4.8 pm feature. N,O
becomes detectable at >4 in 25 transits, owing to its features
around 2.9, 3.9, and 4.5 ym. Detecting N, and O, is more
challenging, with >50 detections requiring 50 transits for N,
and 100 transits for O,, respectively.

It is therefore possible to detect multiple combinations of
biosignatures, namely, CH, in combination with O3 and CH, in
combination with N,O (see Kaltenegger 2017) within the remit
of a medium JWST program.

The absorption features due to CIA are crucial to correctly
identify the dominant atmospheric constituents. The detect-
ability of N, stems from the relative strengths of O, and N,
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Figure 4. Predicted atmospheric composition constraints for an Earth-like planet orbiting WD 1856+-534 with JWST. Marginalized posterior probability distributions
for the abundances of each detectable molecule are shown, considering 10-transit (red), 25-transit (orange), and 50-transit (green) programs. The error bars give the
median retrieved abundances and +1¢ constraints. H,O, CO,, CH4, O3, and N,O can be constrained to <1 dex (an order of magnitude) with 10 transits, <0.4 dex with
25 transits, and <0.3 dex (a factor of 2) within 50 transits. Placing a lower bound on the O, abundance is not possible for the 10- and 25-transit cases, hence the
preferred solution is an N,-dominated atmosphere (Xy, — 100%). Bounded constraints on the O, and N, abundances require at least 50 transits, after which they can

be measured with an uncertainty of <7%.

collisional pairs, as an O,-dominated atmosphere would
produce strong O,-0, features at 1.06 and 1.25 um, incon-
sistent with the simulated data. Without these CIA features,
distinguishing between O, and N is challenging due to their
similar molecular weights (Benneke & Seager 2013). A
secondary contribution to N, detectability is the broad N,—N,
feature around 4.3 um (e.g., Schwieterman et al. 2015). The
detectability of O,, even at the low resolution of the NIRSpec
Prism, arises from the combination of the A-band (0.76 pm),
0,-0, (1.06, 1.25 um), and O,—N, (1.25, 4.3 ym) features.

4.3. Constraining the Molecular Composition of Earth-like
Planets Orbiting White Dwarfs

Beyond detecting molecular species, transiting WD planets
would provide the opportunity to precisely measure molecular
abundances in Earth-like atmospheres. Our predicted abun-
dance constraints!' for representative small (10-transit),
medium (25-transit), and large (50-transit) JWST programs
are shown in Figure 4.

Rl posteriors are available in the supplementary material on Zenodo,
doi:10.5281 /zenodo.3960468.

The abundances of spectrally prominent trace gases can be
constrained with only a handful of transits. A single transit
provides relatively loose constraints on H,O and CO,
abundances, spanning 2 orders of magnitude to 1. Constraints
improve considerably with five transits, with H,O, CO,, CHy,
and O3 measurable to within an order of magnitude. Within the
remit of a small JWST program (10 transits), N,O can also be
constrained within an order of magnitude. A medium program
(25 transits) results in abundance constraints approaching a
factor of 2 in precision (0.3 dex). Finally, a large 100-transit
program can measure most abundances to <0.15 dex (40%
precision). CO and CH;Cl are unconstrained in all cases, due to
their low abundances and negligible contributions to the true
model spectrum. The predicted values for precise trace gas
abundance constraints (<1 dex), as a function of the number of
transits, are as follows:

1. HoO: Nyans = 5 (0.6 dex), 10 (0.4 dex), 25 (0.24 dex),
50 (0.22 dex), 100 (0.12 dex).

2. COy: Nyans = 5 (0.8 dex), 10 (0.5 dex), 25 (0.34 dex), 50
(0.30 dex), 100 (0.16 dex).

3. CHy: Nyans = 5 (0.6 dex), 10 (0.3 dex), 25 (0.19 dex), 50
(0.16 dex), 100 (0.09 dex).
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Table 1
Closest Five White Dwarfs with Comparable Surface Temperatures to WD 18564534
WD Identifier Tor Age Distance log(L/Ls) Radius J Spectral Alias
&) (Gyn) (po) Rs (mag) Type
WD 0552-041 5182 + 81 7.31 6.441" —4.22 0.0097 13.05 DZ10.0 LHS 32
WD 13344039 4971 £ 83 5.38 8.237° —4.03 0.0130 13.06 DALl LHS 46
WD 1132-325 5000 + 500 5.69 9.547" —4.05 0.0126 13.56 DC10 vB 4/LHS 309
WD 02454541 5139 + 82 6.51 10.866' —4.14 0.0107 13.87 DAZ9.5 LHS 1446
WD 0821-669 5088 + 137 6.00 10.675" —4.10 0.0115 13.79 DA9.8 SCR J0821-6703
WD 1856+534 4710 £+ 60 5.85 24.754" —4.13 0.0131 15.68 ) To LP 141-14

Note. WD 18564534 is shown for comparison (bold entry). Ages and spectral types are from Holberg et al. (2016).
References. (1) Gaia Collaboration et al. (2018), (2) Holberg et al. (2008), (3) Holberg et al. (2016), (4) McCook & Sion (2016).

4. O3: Nyans = 5 (1.0 dex), 10 (0.4 dex), 25 (0.20 dex), 50
(0.17 dex), 100 (0.11 dex).

5. N2O: Nyans = 10 (0.8 dex), 25 (0.36 dex), 50 (0.29 dex),
100 (0.19 dex).

Constraining the composition of the background gases, N,
and O, is comparatively challenging. An upper bound on the
O, abundance is possible even with 10 transits, due to the
opacity contributions of O,—O, CIA. However, the lack of a
lower bound on the O, abundance for <25 transits results in the
preferred solution being an N,-dominated atmosphere. Once
sufficiently precise observations are obtained, the abundances
of N and O, can be correctly inferred and precisely
constrained. With a 50-transit program, the fractions of O, and
N, in the atmosphere, Xo, and Xy,, can be measured with
uncertainties of ~7%. This improves to ~4% for a 100-transit
program. It would therefore be eminently possible to precisely
measure the molecular composition of Earth-like planets
orbiting WDs.

5. Summary and Discussion

Terrestrial planets orbiting WDs would offer an unprece-
dented opportunity to undertake detailed characterization of
rocky exoplanets in the imminent future. Prompted by the
discovery of a planetary-mass object orbiting WD 1856+-534,
we explored the molecular detectability and atmospheric
characterization potential for a notional Earth-like planet that
evolved in the same system. We have demonstrated that robust
atmospheric detections, and precise abundance constraints, for
such a planet can be readily obtained with JWST.

Our main results are as follows:

1. Robust (>50) detections of H,O and CO, can be
obtained from JWST NIRSpec Prism transmission
spectra of an Earth-like planet within a five-transit JWST
reconnaissance program.

2. Biosignatures, including CH4 4+ O3 and CH4 + N,O, can
be detected to >40 in 25 transits.

3. The abundances of these trace molecules can be measured
to <a factor of 2 within 25 transits.

4. Both O, and N, can be detected to >S50 within 100
transits. Their detectability with the NIRSpec Prism is
crucially enabled by absorption features due to collisional
pairs (i.e., O,—O, and N,—N5).

We proceed to discuss implications of our results.

5.1. Atmospheric Characterization Potential for Closer White
Dwarf Systems

Within 25 pc of the Sun, there are more than 220 WDs, of
which ~24% are multiple systems (Holberg et al. 2016). The
closest, Sirius B (25,000 K), resides 2.6 pc away, with the
closest single WD, van Maanen’s Star (6000 K), at 4.3 pc.
Table 1 shows the closest five single WDs with similar surface
temperatures to WD 18564534, including WD 1856+534 for
comparison. Due to their higher brightnesses (smaller magni-
tudes), planets orbiting closer WDs would present more
promising characterization opportunities. For the closest WD in
Table 1 (WD 0552-041), we estimate NIRSpec Prism error bars
can be ~5x smaller than for WD 1856+534. Therefore, our
results for 25 transits of WD 1856+534 (i.e., strong detections
of H,O, CO,, CHy, and Os) could be achieved with a single
transit of WD 0552-041.

5.2. Comparing the M-dwarf and White Dwarf Opportunities

Earth-like planets around cool small M dwarfs, such as
TRAPPIST-1, are promising targets for characterization with
the upcoming Extremely Large Telescopes (ELTs) and JWST
(e.g., Barstow & Irwin 2016; Lustig-Yaeger et al. 2019; Lin &
Kaltenegger 2020). However, there remain outstanding chal-
lenges in interpreting transmission spectra of M-dwarf
terrestrial planets, notably contamination from unocculted
starspots (e.g., Rackham et al. 2018). Planets around WDs,
on the other hand, are less susceptible to unocculted spots due
to the greater WD area occulted by the planet during transit.
WD planets also present increased planet to host radius ratios,
consequently lowering the required time to achieve a signal-to-
noise ratio sufficient to remotely detect biosignatures, such as
O3 + CH,4 and CH4 + N,O (e.g., Figure 3).

The relative potential of the M-dwarf and WD opportunities
are ultimately modulated by the number of characterizable
targets. While the occurrence rate of rocky planets in the HZ of
WDs is unknown, one can estimate the relative number of
characterizable planets:

1. Number of stars/hosts. Winters et al. (2019) report 48
M-dwarfs within 5 pc, while Hollands et al. (2018) report
139 WDs within 20 pc. Comparing their respective local
space-densities, WDs are ~20x less common than
M-dwarfs.

2. Planetary occurrence rate. M-dwarf HZ terrestrial planet
occurrence rate estimates range from ~20%-50% (e.g
Dressing & Charbonneau 2015; Hsu et al. 2020). The
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equivalent rate for WDs is currently unknown, with K2
suggesting a limit of <28% (van Sluijs & Van Eylen
2018).

3. Transit probability. Earth-sized planets in the M-dwarf
HZ have a ~1%-2% transit probability (e.g., Dittmann
et al. 2017; Gillon et al. 2017). The smaller R, of WDs
and smaller HZ orbital separation yields similar transit
probabilities of ~1%.

4. Characterization horizon. Detecting O3, for example,
would require 2100 JWST transits for a modern Earth
atmosphere around the M-dwarf TRAPPIST-1 (12.4 pc)
(Lustig-Yaeger et al. 2019). Our results for WD 1856
4534 (24.8 pc) show this can be achieved in 25 transits.
Using PandExo, we estimated the limiting WD magni-
tude at which an Oj detection would also require 100
transits. We found a J ~ 17.7 (=62 pc) WD is roughly
equivalent to TRAPPIST-1e in atmospheric characteriza-
tion potential. Earth-sized planets transiting WDs there-
fore offer a characterization horizon ~5x further than for
M-dwarfs.

The greater characterization horizon for WD HZ planets
overcomes the lower space-density of WD hosts. Our
characterization horizon conservatively assumes a similar
JWST observing time per transit for WD and M-dwarf planets.
Higher time efficiency per transit would expand this character-
ization volume. Assuming a comparable occurrence rate for
temperate rocky planets in the WD HZ to the M-dwarf HZ, the
above factors suggest ~6x more characterizable transiting
planets may orbit in the WD HZ than the equivalent M-dwarf
HZ. Gaia DR2 has identified ~4700 WDs within 62 pc (Gaia
Collaboration et al. 2018), with some cool WDs likely missing
from this sample. Assuming a 10% occurrence rate, and 1%
transit probability, this would result in five WD systems with
transiting Earth-sized planets within JWST’s characterization
horizon.

5.3. Characterizing White Dwarf Planet Atmospheres with
Short Exposure Spectroscopy

The transit duration of planets in the HZ of temperate WDs
is remarkably short, lasting only several minutes for WD with
surface temperatures below 6000 K (Kozakis et al. 2018).
However, time constrained observations with JWST (<1 hr
start window) require at least a 1hr temporal baseline to
correctly characterize instrument systematics. While this
additional out-of-transit baseline can be used to access about
one-tenth of the full orbital lightcurve, it results in marginal
improvements to the transmission spectrum precision. Present
or future instruments capable of observing WD planet transits
in short <10 minute exposures would require ~10x less
observing time per transit compared to JWST. Ground-based
facilities observing in atmospheric windows would provide one
such avenue, capable of observing 100 transits with <20 hr
exposure time. Short exposure spectroscopy of planets orbiting
in the WD HZ provides a powerful avenue to rapidly conduct
atmospheric reconnaissance of terrestrial exoplanets.

5.4. Finding Rocky Planets in the White Dwarf HZ

The short transit duration of rocky planets in the HZ of cool
(<6000 K) WDs requires high-cadence observations to enable
their detection. Several ground-based and space-based surveys
have undertaken preliminary searches (Fulton et al. 2014;
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Xu et al. 2015; van Sluijs & Van Eylen 2018). TESS’s new
20 s cadence mode will be instrumental to identify such planets
in the near future. The large transit depths of these planets
(250%) also render them eminently detectable by upcoming
high-cadence ground-based surveys. For instance, the Vera
Rubin Observatory (formerly LSST), even with relatively
sparse sampling, could detect a subset of the transiting rocky
planets in the WD HZ (Cortés & Kipping 2019).

5.5. The Search for Life in the Universe

Our results demonstrate that terrestrial planets transiting
WDs offer an exceptional opportunity to characterize and
remotely detect the presence of life on exoplanets. WD planets
may be second-generation planets, forming after the stellar
main sequence. Revealing their atmospheric composition will
offer a treasure trove of insights into planet formation,
atmospheric chemistry, the lifespans of any biota, and the
possibility of a second genesis after a star’s demise.

While small planets around WDs have yet to be found, the
detection of the first planetary-mass object around a WD
(Vanderburg et al. 2020) motivates the search for smaller
planets around WDs with missions like the Transiting
Exoplanet Survey Satellite (TESS). With around 4700 WDs
within 62 pc (Gaia Collaboration et al. 2018), there are
abundant opportunities to realize the WD opportunity. Our
search for life in the universe is bound to offer surprises.
Somewhere, in the vast expanse of the cosmos, life may yet
flourish; illuminated by the remnant core of a long-forgot-
ten star.
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with the California Institute of Technology/Jet Propulsion
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