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A B S T R A C T 

We demonstrate that the James Webb Space Telescope ( JWST ) can detect infrared (IR) excess from the blended light spectral 

energy distribution of spatially unresolved terrestrial exoplanets orbiting nearby white dwarfs. We find that JWST is capable of 

detecting warm (habitable-zone; T eq = 287 K) Earths or super-Earths and hot (400–1000 K) Mercury analogues in the blended 

light spectrum around the nearest 15 isolated white dwarfs with 10 h of integration per target using MIRI’s medium-resolution 

spectrograph (MRS). Further, these observations constrain the presence of a CO 2 -dominated atmosphere on these planets. The 

technique is nearly insensitive to system inclination, and thus observation of even a small sample of white dwarfs could place 

strong limits on the occurrence rates of warm terrestrial exoplanets around white dwarfs in the solar neighbourhood. We find that 

JWST can also detect exceptionally cold (100–150 K) Jupiter-sized exoplanets via MIRI broad-band imaging at λ = 21 μm for 

the 34 nearest ( < 13 pc) solitary white dwarfs with 2 h of integration time per target. Using IR excess to detect thermal variations 

with orbital phase or spectral absorption features within the atmosphere, both of which are possible with long-baseline MRS 

observations, would confirm candidates as actual exoplanets. Assuming an Earth-like atmospheric composition, we find that the 

detection of the biosignature pair O 3 + CH 4 is possible for all habitable-zone Earths (within 6.5 pc; six white dwarf systems) 

or super-Earths (within 10 pc; 17 systems) orbiting white dwarfs with only 5–36 h of integration using MIRI’s low-resolution 

spectrometer. 

Key words: astrobiology – planets and satellites: atmospheres – planets and satellites: detection – white dwarfs – infrared: 

planetary systems. 

1  I N T RO D U C T I O N  

White dwarf (WD) exoplanetary science is a rapidly evolving 

subdomain of astrophysical research. The scientific breakthroughs 

in this field offer a valuable opportunity to refine our understanding 

of comparative exoplanetology, as the overwhelming majority (more 

than 99.9 per cent) of confirmed exoplanetary hosts will end their 

lives as WDs. Therefore, observations of such late-stage exoplanetary 

systems provide critical constraints on the evolution of the star–planet 

systems that comprise the bulk of our exoplanet census data. Only a 

handful of WD exoplanets have been discovered to date. Discoveries 

of major planets around WDs include WD 0806-661 b, a directly 

imaged ≈8M Jup gas giant planet orbiting a WD at 2500 au (Luhman, 

Burgasser & Bochanski 2011 ), PSR B1620-26 (AB) b, a 2.5 M Jup 

gas giant orbit pulsar–WD binary at 23 au (Thorsett, Arzoumanian 

⋆ E-mail: maryannelimbach@gmail.com (ML); andrewv@mit.edu (AV); 

K e vin.Ste venson@jhuapl.edu (KS) 

† NASA Hubble Science Fellow 

& Taylor 1993 ; Sigurdsson et al. 2003 ), MOA-2010-BLG-477Lb, a 

1.4 M Jup gas giant orbiting a WD at 2.8 au detected via microlensing 

(Blackman et al. 2021 ), WD J0914 + 1914 b, a spectroscopically 

disco v ered debris from a possible e v aporating ice giant at 0.07 au 

(G ̈ansicke et al. 2019 ), and WD 1856 + 534 b, a transiting gas giant 

planet candidate orbiting a WD at 0.02 au (Vanderburg et al. 2020 ). 

We refer the interested reader to Veras ( 2021 ) for a more thorough 

re vie w of the diversity of known WD exoplanetary systems and their 

accompanying observational properties. 

Previous authors have suggested that many WD systems may 

have relic planetary systems, either beyond 5 au where exoplanets 

are likely to survive the red giant phase or inward of 5 au if there 

is an exoplanetary system re-genesis or migration post red-giant 

phase (Debes & Sigurdsson 2002 ; Zuckerman et al. 2010 ). How- 

ev er, e xoplanets in orbit about WD hosts have proven particularly 

challenging to detect. More specifically, the two leading exoplanet 

detection methods [the transit and radial velocity (RV) techniques] 

have been far less successful at WD exoplanet detection compared to 

the robust detection yields of their main-sequence counterparts (Zhu 
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& Dong 2021 ). This dearth of WD exoplanet detections is not without 

reason. F or e xample, a WD’s small radius (0.8–2 per cent R ⊙) and 

low luminosity ( ≈ 0 . 001 L ⊙) makes transit monitoring a challenge. 

To date, only a single WD with an exoplanet candidate (WD 1856b) 

has been disco v ered via the transit detection technique (Vanderburg 

et al. 2020 ). There are also difficulties associated with leveraging 

the RV technique to unveil WD exoplanets. This includes the near- 

featureless WD spectrum paired with the WD’s low luminosity (Endl 

& Williams 2018 ). Thus far, there have not been any RV detections 

of exoplanets (candidates or otherwise) in orbit about WD hosts. 

Hence, while RV and transit have detected > 98 per cent of all- 

known exoplanets around main sequence stars, only 20 per cent of 

exoplanets around WDs have been detected using these two methods. 

The very characteristics that make RV and transit detections 

difficult among WD hosts can be leveraged as valuable assets by 

other exoplanet detection techniques. For example, the WD’s near- 

featureless spectrum is a helpful attribute for exoplanet searches via 

the detection of infrared (IR) excess, which can be indicative of 

cool companions, including the presence of debris discs (Becklin 

et al. 2005 ; Kilic et al. 2005 ; Farihi, Zuckerman & Becklin 2008a ; 

Barber et al. 2012 ), late-type stellar companions, brown dwarfs, or 

e xoplanets. The IR e xcess technique was used to detect the first brown 

dw arf–WD system (Zuck erman & Becklin 1987 ; Cunningham et al. 

2022 ) and, since then, has been leveraged to identify many more 

such systems (e.g. Debes et al. 2007 ; Girven et al. 2011 ; Xu et al. 

2015b ; Sandhaus et al. 2016 ; Rebassa-Mansergas et al. 2019 ; Hogg 

et al. 2020 ; Lai et al. 2021 ). 

Attempts have been made with the Spitzer Space Telescope 

(Werner et al. 2004 ) to search for exoplanet-induced IR excess in 

WD systems (Farihi, Becklin & Zuckerman 2008b ; Kilic, Brown 

& McLeod 2010 ). Ho we ver, Spitzer ’s observ ations did not result 

in any candidates, as a small sample of WDs were surveyed and 

these measurements were biased towards a narrow companion mass 

range (i.e. the detection of young, giant planets near the brown dwarf 

boundary). To detect smaller and/or colder exoplanets orbiting WDs 

via IR excess requires improved sensitivity at longer wavelengths. 

JWST /MIRI is particularly well suited for the detection of cold 

exoplanets (Matthews et al. 2021 ). Recent work has suggested using 

JWST to characterize gas giant exoplanet atmospheres using the IR 

e xcess technique (Stev enson 2020 ; Lustig-Yae ger et al. 2021 ). More 

specifically, JWST /MIRI is sensitive to IR excess at λ = 21 μm – a 

wav elength re gime where gas giant planets, ev en those colder than 

200 K, can be brighter than the WD host (Ignace 2001 ). 

Another possible detection method is direct imaging. This tech- 

nique that benefits from the reduced contrast ratio among these low- 

luminosity hosts, which are 10 2 −10 5 × fainter than main-sequence 

stars. Burleigh, Clarke & Hodgkin ( 2002 ) noted that this fa v ourable 

planet-to-star contrast ratio would offer an advantage for the direct 

imaging of exoplanets in these systems. JWST /MIRI is capable of 

directly imaging spatially resolved cold Jupiters in orbit about WD 

hosts (Mullally et al. 2021 ). Such a detection would be of great value, 

as direct imaging has resulted in the detection of just one widely 

separated gas giant planet (WD 0806b) in orbit about a WD host 

(Luhman et al. 2011 ), even though several near-IR, high-contrast, 

direct-imaging surv e ys were conducted o v er the past two decades 

(e.g. Debes et al. 2005 , 2006 ; Hogan, Burleigh & Clarke 2009 ; 

Janson et al. 2011 ; Thalmann et al. 2011 ; Xu et al. 2015a ; Brandner, 

Zinnecker & Kopytova 2021 ; Pathak et al. 2021 ; Lucas et al. 2022 ). 

Other exoplanet detection techniques also benefit from WD’s 

predictable, temporally stable, near-featureless spectra, which make 

deviations from a simple blackbody easily detectable. This includes 

orbital-brightness modulations (phase curves) (Loeb & Maoz 2013 ; 

Lin & Loeb 2014 ), photometric signatures of transient events (Jura 

2003 ; Vanderburg et al. 2015 ), and spectral signatures of WD 

accretion (pre-dominantly in the form of metal absorption lines) from 

disassociating and/or e v aporating companions (e.g. WD J0914b; 

G ̈ansicke et al. 2019 ). 

In this paper, we explore the detectability of WD exoplanets 

primarily from IR excess, but also include some analysis of direct 

imaging and phase-curve detectability. We describe a no v el e xoplanet 

atmospheric characterization technique: the presence of exoplanet- 

induced IR excess within the system’s unresolved spectral energy 

distribution (SED), including atmospheric features imprinted upon 

the exoplanet’s emission such as CO 2 absorption at λ = 15 µm. This 

technique exploits the added SED flux contribution from the mid-IR 

bright exoplanet companion emission. 

Our paper is organized as follows. In Section 2 , we discuss our 

moti v ation for exploring this new method for detecting exoplanets 

in orbit about WD hosts, in Section 3 , we describe our sample of 

nearby WD systems and models. In Section 4 , we discuss how 

IR excess can be used to detect extremely cold (down to 75 K) 

gas-giant exoplanets. In Section 5 , we conduct a detailed analysis 

demonstrating how IR excess can be used to detect warm terrestrial 

exoplanets orbiting WDs. We then describe our new technique for 

biosignature detection on these worlds. In Section 6 , we discuss 

possible JWST observation programmes to make use of our proposed 

detection technique and compare our detectable exoplanet parameter 

space to Gaia . In Section 7 , we close with a summary of our results. 

2  M E T H O D S  

In this section, we describe the methods used to determine the 

detectability of WD exoplanets with JWST using IR excess and 

phase curve observations. Our calculations of detectability rely 

upon (1) models of the WD, (2) models of the exoplanets, and 

(3) JWST /MIRI’s sensitivity. The details of our WD models are 

described in Section 3 , the exoplanet models are described at the 

beginning of each section in which they are used, and the JWST 

Exposure Time Calculator (ETC) 1 and custom code is used to 

calculate MIRI’s sensitivity. 

We explore multiple instrument configurations and types of 

exoplanets throughout the manuscript, but our general process for 

determining detectability and SNR (signal-to-noise ratio) is as 

follows. First, we construct modelled SED of the WD of interest (e.g. 

see WD 0046 + 051, black-dotted line, in Fig. 1 ). Then we use existing 

or create new models of the e xoplanet’s emission. F or e xample, see 

the two hypothetical exoplanets analogous to Jupiter (top) and Earth 

(bottom) in see left-hand panels of Fig. 1 . Using these models, we can 

then calculate the IR excess from the exoplanet relative to the WD 

as a function of wavelength (right-hand panels of Fig. 1 ). We then 

calculate the SNR in the MIRI configuration of choice [broad-band 

imaging, low-resolution spectrograph (LRS), or medium-resolution 

spectrograph (MRS)]. To do this we compute the combined modelled 

SED of WD and modelled exoplanet. The combined SED is then 

uploaded into the JWST ETC, where we determined signal-to-noise 

ratios (SNR). For broad-band imaging, this is all that is required 

to determine SNR. For MRS and LRS, the ETC produces data 

products including the file ‘lineplot sn.fits’, which gives the SNR 

of the WD as a function of wavelength. We downloaded this file 

and developed custom code to bin the SNR of the MRS or LRS 

measurements to the desired lower resolution spectral bandpasses. 

Fig. 1 , right-hand panel, illustrates some of the key MIRI bandpasses 

that are used in this manuscript. In all configurations, we add a term 

1 jwst.etc.stsci.edu 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
1
7
/2

/2
6
2
2
/6

7
4
7
1
3
9
 b

y
 U

n
iv

e
rs

ity
 o

f T
e
x
a
s
 a

t A
u
s
tin

 u
s
e
r o

n
 0

8
 D

e
c
e
m

b
e
r 2

0
2
2



2624 M. A. Limbach et al. 

MNRAS 517, 2622–2638 (2022) 

Figure 1. Left-hand panels: Flux, in micro-Janskys, from a modelled spectrum of WD 0046 + 051 ( d = 4.32 pc) compared to a modelled Jupiter-like exoplanet 

with T eq = 150 K, R = 1 R Jup , clouds ( f sed = 8) and no illumination (top) and a modelled Earth-like exoplanet (the model is discussed in Section 5.1.3 ) with 

an illumination equi v alent to Earth. Despite its cold Jupiter temperature, and because of its comparatively large size, the Jupiter-like exoplanet is brighter than 

the WD beyond 30 µm. Right-hand panels: Per cent IR excess from the Jupiter-like exoplanet (top) and Earth-like exoplanet (bottom). At 17 µm, the 1 R ⊕
exoplanet, shown here, is ∼0.7 per cent the flux of the WD. A super-Earth (1.7 R ⊕) would be ∼2 per cent the brightness of the WD. For comparison, at similar 

IR wavelengths, the contrast ratio of the Earth-to-Sun is ∼10 −6 . Two example MIRI instrument configurations and bands used in this manuscript are shown by 

the shaded grey region. 

to account for expected systematic and calibration errors. MIRI’s 

systematic and calibration errors are dependent upon the type of IR 

excess measurement being made – and specifically whether or not 

we are referencing two spectral bands measured simultaneously or 

sequentially. The source and magnitude of these errors are quantified 

each time we discuss a new configuration. 

From Fig. 1 , we see that at mid-IR wavelengths, WD targets 

are comparable in brightness to exoplanets. This is because WDs 

have small radii (0.8–2 per cent R ⊙) and, as such, are faint even 

when their ef fecti ve temperatures are high (the typical ef fecti ve 

temperature for a WD in our solar neighbourhood (within 12 pc) is 

approximately T eff = 6000 K). Within the blended spectrum of a WD- 

planet SED, atmospheric absorption lines and blackbody emission 

from an exoplanet can produce spectral features that are easily 

discernible (0.1–10 per cent) by visual inspection of the theoretical 

spectrum (see Fig. 1 , right-hand panels). Fig. 1 illustrates the SEDs 

of WD 0046 + 051 (a solitary WD at d = 4.32 pc, R ∗ = 1.2 R ⊕, T eff = 

6100 K) compared to a Jupiter-like planet (top panels; T eq = 150 K, 

R = 1 R Jup , no insolation) and an Earth-like planet (bottom panels; 

T eq = 287 K, R = 1 R ⊕, Earth-equi v alent insolation). Here, d is the 

distance to the WD system, R ∗ is the WD radius, T eff is the ef fecti ve 

temperature of the star, T eq is the temperature of the exoplanet and 

R is the radius of the exoplanet. Note that the radius of the WD and 

terrestrial exoplanets are given in earth radii (R ⊕) throughout this 

manuscript, and the radii of gas giant planets are given in Jupiter 

radii ( R Jup ). In the MIRI 21 µμm spectral band, the Jupiter-like 

planet is 19 per cent the brightness of the WD. The Earth-like planet 

contributes a 0.7 per cent (7000 ppm) IR excess to the WD’s SED 

on the red end of the MIRI/MRS 17 µm channel. For comparison, in 

the same spectral band, Earth contributes a 0.0001 per cent (1 ppm) 

IR excess to the Sun. Note that in both cases (for the Jupiter and 

Earth-like planets) the only features present in the mid-IR spectrum 

are molecular absorption features in the planets’ atmospheres – most 

notably CO 2 , but also O 3 , CH 4 , and H 2 O. The only features in the 

WD spectrum are bluewards of 500 nm. The temporal stability and 

near-featureless spectrum of WDs is key to the successful detection 

of IR excess and atmospheric features. 

3  T H E  SOLAR  N E I G H B O U R H O O D  W D  SAMPLE  

For this study, we modelled the SEDs of 34 well-separated or solitary 

WDs within 13 parsecs of the Solar system. Table 1 gives the sample 

of WDs used in this study. In addition to several parameters for each 

WD, the table also includes the minimum radius of an Earth-like 

planet that can be detected with 10 h of MIRI observations (column 

10), which is discussed in Section 5 of this paper, and finally in 

column 11 we give the equilibrium temperature of a body orbiting at 

the Roche limit in all 34 systems. 

The SEDs of the objects listed in Table 1 are modelled using 

an updated version of the model atmosphere code described in 
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Table 1. Solitary (or well separated) WDs within 13 parsecs of the Solar system. 

WD Common G b D T eff Mass Radius Age Min. Earth T eq (K) at Refs 

number a name (mag) SpT (pc) (K) (M ⊙) (R ⊕) c (Gyr) (R ⊕) d Roche L. 

0642 −166 Sirius B 8.52 DA 2 .67 25967 0 .98 0.93 0 .228 0.67 1248 3 

0046 + 051 Wolf 28 12.30 DZ 4 .32 6106 0 .70 1.20 3 .3 0.83 354 1 

1142 −645 GJ 440 11.42 DQ 4 .64 7951 0 .58 1.37 1 .29 0.91 506 1 

1748 + 708 GJ 1221 13.78 DXP 6 .21 5177 0 .63 1.29 5 .86 1.09 316 5 

0552 −041 HL 4 14.24 DZ 6 .44 4430 0 .55 1.39 7 .89 1.14 287 2 

0553 + 053 V ∗ V1201 Ori 13.97 DAH 7 .99 5785 0 .72 1.20 4 .25 1.41 333 3 

0752 −676 LAWD 26 13.78 DA 8 .17 5638 0 .55 1.43 4 .5 1.46 370 6 

1334 + 039 Wolf 489 14.37 DA 8 .24 4971 0 .54 1.43 5 .02 1.46 328 3 

2359 −434 LAWD 96 12.90 DA 8 .34 8468 0 .83 1.08 1 .37 1.48 452 6 

J2151 + 5917 – 14.37 DAH 8 .46 5095 0 .57 1.39 5 1.49 329 5 

0839 −327 CD −32 5613 11.82 DA 8 .52 9203 0 .49 1.59 0 .55 1.58 652 6 

2251 −070 GJ 1276 15.42 DZ 8 .54 4170 0 .61 1.31 8 .48 1.48 258 2 

0038 −226 GJ 2012 14.30 DQpec 9 .10 5210 0 .51 1.44 4 .44 1.59 348 2 

0738 −172 GJ 283 A 12.97 DZA 9 .16 7545 0 .57 1.38 1 .44 1.57 485 1 

0435 −088 GJ 3306 13.60 DQ 9 .41 6395 0 .55 1.40 1 .85 1.65 415 2 

0141 −675 GJ 3112 13.82 DA 9 .72 6362 0 .58 1.40 1 .56 1.70 411 6 

1917 −077 LAWD 74 12.25 DBQA 10 .10 10396 0 .62 1.32 0 .65 1.77 644 3 

0912 + 536 EGGR 250 13.78 DCP 10 .28 7170 0 .74 1.15 2 .45 1.77 401 2 

0310 −688 CPD-69 177 11.41 DA 10 .40 16444 0 .68 1.31 0 .16 1.88 998 6 

1202 −232 WD 1202-232 12.74 DAZ 10 .43 8667 0 .59 1.41 0 .83 1.85 558 6 

0821 −669 WD 0821-669 15.08 DA 10 .67 4808 0 .53 1.45 6 .58 1.84 321 6 

0009 + 501 GJ 1004 14.24 DAH 10 .87 6445 0 .75 1.18 3 .02 1.87 365 2 

0245 + 541 GJ 3182 15.12 DAZ 10 .87 4980 0 .62 1.32 7 .24 1.88 309 2 

1647 + 591 V ∗ DN Dra 12.28 DA 10 .94 12370 0 .79 1.14 0 .45 1.92 682 5 

2140 + 207 GJ 836.5 13.17 DQ 11 .03 7515 0 .50 1.49 0 .82 1.91 513 1 

0727 + 482A EGGR 52 15.06 DA 11 .10 4934 0 .51 1.48 4 .68 1.91 334 3 

0727 + 482B EGGR 52 15.25 DA 11 .10 4926 0 .65 1.28 7 .13 1.90 298 3 

0548 −001 GJ 1086 14.43 DQ 11 .21 6080 0 .66 1.24 3 .63 1.92 361 2 

1953 −011 GJ 772 13.59 DA 11 .56 7752 0 .70 1.24 1 .63 1.99 455 4 

1345 + 238 GJ 1179 B 15.34 DA 11 .87 4605 0 .45 1.56 4 .72 2.05 327 2 

1917 + 386 GJ 1234 14.47 DC 11 .87 6140 0 .65 1.26 3 .55 2.04 368 2 

1055 −072 LAWD 34 14.24 DC 12 .28 7155 0 .77 1.11 2 .93 2.09 392 2 

1900 + 705 GJ 742 13.25 DAP 12 .88 12144 1 .01 0.87 0 .91 2.19 562 5 

1620 −391 CD-38 10980 11.00 DA 12 .91 26209 0 .69 1.35 0 .02 2.33 1608 6 

Note. (a) The WD number is given by the method described in McCook & Sion ( 1987 ). (b) Gaia magnitudes from EDR3 (Gentile Fusillo et al. 2021 ; 

gea.esac.esa.int/archive/). (c) The radius of the WD is given in earth radii to allow for comparison of the host-size with the exoplanets we are attempting to 

detect. (d) Minimum detectable size of an Earth-like planet at T eq = 287 K orbiting each WD using JWST /MIRI/MRS/Long Band C, 10 h of observation time. 

References: [1] Coutu et al. ( 2019 ), [2] Blouin et al. ( 2019 ), [3] Giammichele, Bergeron & Dufour ( 2012 ), [4] Kilic et al. ( 2020 ), [5] McCleery et al. ( 2020 ), [6] 

Gentile Fusillo et al. ( 2019 ). 

Blouin, Dufour & Allard ( 2018a ) and Blouin et al. ( 2018b ) and 

references therein. Until now, the need for the inclusion of spectral 

features in the IR had not been felt, and most IR absorption features 

were omitted from model calculations with the notable exception of 

collision-induced absorption (Bergeron & Leggett 2002 ; Kowalski 

2014 ; Blouin, Kowalski & Dufour 2017 ). However, the observations 

proposed in this work require a high-fidelity modelling of the IR 

spectra, and the model atmosphere code has now been modified to 

include all rele v ant spectral lines and molecular bands up to 30 µm. 

More precisely, 

(i) For DA WDs, the atmosphere code previously included H I 

lines from the Lyman, Balmer, Paschen, and Brackett series only. It 

now also considers higher series so that all H I lines up to 30 µm are 

included. Those higher series are included using the Vienna Atomic 

Line Database (VALD; Ryabchikova et al. 2015 ). 

(ii) For DZ WDs, the new models include the transitions from 

all elements from C to Cu all the way to 30 µm (up from 1 µm 

previously). 

(iii) For DQ WDs, the new models now include the opacity of C 2 

molecular bands in the IR, namely the Ballik–Ramsay and Phillips 

systems. This is done using the Kurucz linelists. 2 

Our model SEDs are computed at the nominal parameters given 

in Table 1 . For metal-polluted atmospheres, metals are included in 

the model calculations using the abundances given in the references 

listed in Table 1 . Note that we assumed a pure He atmosphere for 

the strongly magnetic WD 1748 + 708 for which the atmospheric 

composition remains unknown. Fig. 2 shows the normalized SEDs 

of three WDs in our sample to illustrate the range of diversity as well 

as their near-featureless spectra in the mid-IR. 

4  FI NDI NG  FRI GI D  G A S  G I A N T S  

In this section, we demonstrate that JWST /MIRI broad-band imaging 

is optimal for detection of nearby cold Jupiters (see Fig. 3 ), including 

both those that are resolved (detection by direct imaging) and 

unresolved (detection from IR excess). 

2 http://kurucz.harvard.edu/linelists.html 
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Figure 2. Normalized SED of three WDs in our sample, chosen to illustrate 

the range of spectral features expected. The three WDs are (from black line 

to orange line) T eff = 4600, 6400, and 12 400 K. Although some WDs have 

a significant number of spectral features in the UV/visible/near-IR, almost 

all WDs exhibit a featureless Rayleigh–Jeans blackbody tail in the mid- to 

far-IR, where we propose exoplanet detection with JWST MIRI. The MIRI 

spectral range is shown in grey. 

4.1 Cold jupiter models 

We generated custom simulated spectra of cold Jupiter analogues 

(those < 200 K) using a 1D atmosphere model, described in detail in 

Marley et al. ( 1999 , 2012 , 2014 ) and Saumon & Marley ( 2008 ), with 

updates to the molecular and atomic opacities as described in Marley 

et al. ( 2021 ). The models assume that the atmosphere is in radiative–

conv ectiv e and ‘rainout’ chemical equilibrium, in which species 

condense into clouds as the atmosphere cools. All models have 

Jupiter-like metallicity, [M/H] = 0.5, increasing the abundance of all 

elements heavier than helium by a factor of 3.16. Surface gravities 

of all models are 25 m s −2 (same as Jupiter). Clouds made of water 

ice are included using the method presented in Ackerman & Marley 

( 2001 ), where varying the sedimentation efficiency f sed changes the 

v ertical e xtent and mode particle sizes of clouds. Ammonia clouds 

are not included in the calculation. Model atmospheres are calculated 

for T eq = 75, 100, 125, 150, and 175 K. Spectra are calculated at 

moderate resolution, using the thermal emission code presented in 

the appendix of Morley et al. ( 2015 ). 

For simulated spectra from T eq = 200 −300 K, we use the publicly 

available Sonora–Bobcat model spectra. These spectra are described 

in Marley et al. ( 2021 ); in short, they are calculated using the same 

1D atmosphere code as abo v e (Marle y et al. 1999 ; Saumon & Marley 

2008 ; Morley et al. 2012 , 2014 ), also assuming radiativ e-conv ectiv e 

and ‘rainout’ chemical equilibrium. We use models with Jupiter-like 

metallicity ([M/H] = 0.5) and gravity (log g = 3.5). 

4.2 IR excess 

In this section, we will determine the amount of IR excess that is 

detectable via MIRI broad-band imaging. The IR excess from cold 

Jupiters is often a large fraction ( � 10 per cent) of the combined WD 

+ exoplanet system flux at 21 µm. To constitute a large fraction of the 

system flux requires that the exoplanet is sufficiently massive and/or 

young. Specifically, to reach 10 per cent excess at 21 µm requires 

that the exoplanet is T eq > 150 K, which corresponds to a planet 

mass > 1 M Jup for systems with an age < 5 Gyr or M planet > 1 M Saturn 

for systems that are < 1.5Gyr (see Fig. 3 ; Linder et al. 2019 ). 

Fig. 3 shows the detectability of cold Jupiter-sized planets assum- 

ing two hours of observation on the WD 0009 + 501 ( d = 10.9 pc) 

system. To calculate the system flux and detectability, we computed 

the combined modelled SED of WD 0009 + 501 with modelled 

exoplanets of various temperatures (75–300 K) and a common radius 

of 1 R J . The flux of the combined components is shown in the 

left-hand panel of Fig. 3 , while the IR excess from the exoplanet 

(relative to the WD) is shown in the right-hand panel. The combined 

SED was then uploaded into the JWST ETC where we determined 

SNR in all MIRI imaging spectral bands as well as the NIRCam 

4 . 5 μm band using 2 h of total integration time. The resulting 

simulated JWST /MIRI/broad-band data is illustrated for a single 

150 K exoplanet (black points with error bars). The photometric 

precision is shown by the vertical error bars in the figure, while the 

horizontal bars illustrate the width of each spectral band. 

JWST 21 µm broad-band imaging would result in a 5 σ detection 

of a 150 K Jupiter in only 2 h. While we examined exoplanet 

detectability in other bands, we found 21 µm to be optimal. At 

wavelengths shorter than 21 µm, there is insufficient IR excess in 

the unresolved planet–WD SED, which would make referencing 

between spectral bands difficult. Specifically, for our calculations, we 

assume we can achieve a 2 per cent precision (justified below) when 

referencing between two bands that are not imaged simultaneously. 

This corresponds to a minimum detectable IR excess of 10 per cent 

assuming a 5 σ detection is desired. At longer wavelengths, there 

is a larger percentage of IR excess from the exoplanet, but JWST 

does not possess sufficient photometric precision (limited by photon 

noise/thermal background) to detect the planet with high confidence. 

Therefore, the detection of gas-giant exoplanets around the nearest 

WDs is most efficient at 21 µm. If WD 1856b (a cool gas giant 

exoplanet candidate orbiting a WD at 25 pc) was within 15 pc, 

it would be detectable in < 3 hours of JWST 21 µm even if its 

temperature is only T eq = 150 K. 

For systems within 25 pc, JWST /MIRI 21 µm broad-band direct 

imaging is able to detect even colder gas giants if they are spatially 

resolved from the host WD. In such cases, the > 10 per cent IR 

excess for detection is unnecessary and only the exoplanet needs to 

be detectable. With this approach, with three hours of observation 

time, MIRI is capable of detecting (5 σ ) Jupiter-sized planets as 

cold as 90 K at d < 4 pc and 125K at d < 8 pc. Spatially resolved 

or unresolved, Jupiters that are 150 K are detectable out to about 

15 pc, beyond which the thermal background prohibits detection for 

observation times shorter than a few hours. 

MIRI has a nominal requirement of 2 per cent absolute flux 

prediction accuracy of standard stars 3 (Gordon et al. 2022 ). We note 

that the flux calibration of HST instruments was based on three DA 

WD stars. The calibrations of the HST and IRAC were also studied 

using A-dwarfs, solar analogues, and WDs and found to be consistent 

within 2 per cent (Bohlin et al. 2011 ). Because of their stability, WDs 

are often chosen as standard stars, and 2 per cent precision should 

be achie v able for all the WDs in our sample. Therefore, we assume 

it will be possible to achieve measurements between spectral bands 

of our WD targets at the 2 per cent photometric precision level. 

IR excess can be detected by measuring the flux at two different 

wavelengths – a reference band (e.g. 5 µm) and the 21 µm band (i.e. 

3 jwst -docs.st sci.edu/jwst -dat a-calibrat ion-considerat ions/jwst-data-absolut 

e- flux- calibration 
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Figure 3. Combined flux (left) or IR excess (right) from an unresolved WD and Jupiter-sized exoplanet assuming various planet temperatures ( T eq = 75–300 K). 

The black crosses are simulated MIRI/broad-band imaging data of an unresolved 150 K Jupiter-analogue orbiting WD 0009 + 501 ( d = 10.9 pc) assuming 2 h 

of observation per band. The 1 σ detection limits are given by the root sum square of the (1) photometric error based on the JWST /ETC calculations and (2) 

assuming a 2 per cent error (Gordon et al. 2022 ) referencing between spectral bands (to achieve a 5 σ detection of the IR excess from the planet requires a 

minimum excess of 10 per cent). In this e xample, the e xoplanet is detected in the 21 µm band at 5 σ . For T eq > 150 K exoplanets at distances � 12 pc, detection 

(5 σ , 2 h) is possible at 21 µm. Detection at wavelengths shorter than 20 µm is precluded by insufficient excess ( < 10 per cent ). Beyond 25 µm detection is 

inhibited by thermal background and photon noise, and for distances � 12 pc, this noise source precludes detection at 21 µm as well. 

the MIRI broad-band F2100W imaging filter). A WD SED model 

can be fit to the shorter wav elength measurement; an e xcess abo v e 

the model fit at 21 µm may be indicative of an exoplanet. Such an 

exoplanet candidate can be flagged for follow-up. 

Fig. 4 illustrates the detectability of 75 and 150 K gas giant 

exoplanets orbiting WD 0642–166 (Sirius B). We depict exoplanets 

with both cloudy ( f sed = 2) and clear atmospheres (see description 

in Section 4.1 ). Many exoplanets models use clear atmospheres, and 

the detectability of gas giants is usually determined based on these 

clear models. It is interesting to note that clear atmosphere models 

suggest cold gas giants are detectable at 4–5 µm. Yet, if these planets 

are partly cloudy, detection is much easier at longer wavelengths and 

most efficient with JWST at 21 µm. Indeed, one might expect that 

all gas-giants possess some clouds, which is perhaps why previous 

direct imaging surv e ys (e.g. Hogan et al. 2009 ; Thalmann et al. 2011 ; 

Janson et al. 2011 ; Xu et al. 2015a ; Brandner et al. 2021 ; Pathak et al. 

2021 ; Lucas et al. 2022 ) for gas-giants orbiting WDs at 4–5 µm did 

not detect any companions. 

4.3 Phase cur v es 

Using two-photometric-band IR excess, it is possible to detect WD 

e xoplanet false positiv es. F ortunately, there are a couple techniques 

for confirming exoplanets identified via IR excess which should make 

it possible to eliminate false positives. First, we note that nearby 

WDs have very high proper motion, and background objects will be 

stationary, so if the system is observed a few months later, there will 

no longer be a chance alignment. With large proper motions, past 

WD observation from HST or the ground should confirm the lack 

of a background star contaminating the signal. Further, MIRI’s high 

spatial resolution (0.11 arcsec pixel −1 ) gives a low probability of 

Figure 4. Flux from four Jupiter-sized exoplanets at two temperatures and 

with varying amounts of cloudiness (orange and brown lines) at a distance of 

2.67 pc. Black bars indicate the detection limits (10 h, 5 σ ) of NIRCam/F444W 

(lower left bar) and MIRI/broad-band imaging (all other bars). A 150 K 

exoplanet is detectable in all bands regardless of cloudiness. Conversely, 

the cloudy, 75 K planet is only detectable with MIRI 21 µm band imaging, 

whereas the clear 75 K planet is only detectable with NIRCam/F444W. The 

MIRI 21 µm band is optimal for detecting IR excess or direct imaging of 

cold, cloudy planets. 

contamination. Secondly, while false positives from both debris disc 

and unresolved background stars are capable of producing IR excess, 
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Figure 5. Simulated JWST /MIRI/15 µm light curve of WD 1856b (assuming 

the object has a day-side temperature of 225 K, night-side 150 K). Light grey 

data points correspond to each individual 8-min integration, and black data 

points are the 4-h binned median of the data. The measured flux is the 

combined 15 μm flux of the WD + exoplanet. If the exoplanet has a day-side 

temperature of 225 K, it constitutes a large fraction, up to 46 per cent of the 

total system flux at conjunction. 

neither would produce a phase curve. This makes phase curves a good 

method to rule out non-planetary false positives. 

Fig. 5 shows a simulated phase curve for WD 1856b (0.02 

au planet-WD orbital semimajor axis, 1.4 d orbit; Vanderburg 

et al. 2020 ) to illustrate its detectability, assuming the exoplanet 

is tidally locked with a day-night temperature difference of 75 K 

and a day-side temperature of 225 K. Note that the flux from 

the entire system is plotted here, and the exoplanet contributes 

significantly to the total system flux at 15 µm. We note that if 

the upcoming JWST Cycle 1 transmission spectrum observations 

of WD 1856b indicate that the planet is warm and cloudy, this 

would suggest that detecting emission from the planet via phase 

curve observations at 15 µm could be more successful than eclipse 

emission detection at 4–5 µm, as cloudy planets emit farther in the IR 

(see Fig. 4 ). 

While the presence of IR excess at 21 µm can identify exoplanet 

candidates, confirmation is still required. Phase curve observations 

can be used to provide such confirmation. JWST phase curve 

observations would be possible for nearby ( d < 15 pc) cold gas giants 

at 21 µm or at further distances at 15 µm if the planet is sufficiently 

bright/hot. More specifically, although WD 1856b is too far away for 

phase curve observations at 21 µm, if the planet is sufficiently warm 

and has a notable day–night temperature difference, it would be pos- 

sible to measure the exoplanet’s phase curve modulations at 15 µm. 

5  DE TEC TIN G  TERRESTRIAL  EXOPLANETS  

A N D  B I O S I G NATU R E S  

The emission from gas-giant exoplanets can be comparable in flux 

to the WD host in the mid IR, but terrestrial worlds are much fainter, 

and therefore detection of these worlds requires observations with 

JWST /MRS to enable careful reference between multiple spectral 

bands that are measured simultaneously. In this section, we establish 

an observational procedure with JWST to search for terrestrial 

exoplanets and detect biosignatures in nearby WD systems. 

5.1 Step 1: Detecting exoplanets via IR excess 

5.1.1 The JWST/MIRI/MRS detection approach 

In this section, we will demonstrate that JWST is sufficiently sensitive 

to detect IR excess from an Earth analogue, and determine the most 

efficient method for detection. We consider the detectability of two 

types of terrestrial planets: (1) those with an Earth-like atmosphere 

and (2) rocky planets with no atmosphere. To this end, we use the 

following process to calculate the detectability of exoplanets from 

IR excess in planet-hosting WD systems. 

We uploaded all the modelled WD spectra from our sample 

(described in Section 3 ) into the JWST /ETC to perform calculations. 

Note that the planet contributes negligibly to the total flux of the 

combined system and was therefore not included in the SED (i.e. 

although detectable, including the flux from terrestrial exoplanets 

does not substantially increase the total SNR of the system – this was 

not the case for gas giant exoplanets). 

F or sev eral of our targets, we calculated the SNR using sev eral 

MIRI configurations, including the LRS and the MRS A, B, and C 

sub-bands. We found MIRI/MRS sub-band C consistently provided 

the best SNR on terrestrial exoplanets, and therefore we choose to 

use this mode for terrestrial exoplanet IR excess detection. The MRS 

sub-band C spectral bandpasses are illustrated in Fig. 1 . 

Using the JWST ETC, 4 we calculated the SNR using MRS sub- 

band C with a total observation time of 10 h per system while 

maintaining a < 50 per cent detector saturation at all wavelengths 

per integration. In all cases, the full subarray was read out in slow 

readout mode. We required integration times of ≤10 min such that 

the temporal resolution was sufficient for phase curve construction 

(see Section 5.2 ). We computed SNRs using both the JWST ETC 

MIRI/MRS Imaging and MIRI/MRS time-series modes. The time- 

series mode gave an SNR ≈25 per cent higher than the MIRI/MRS 

Imaging mode (for the same total exposure time). Ho we ver, the JWST 

ETC o v erestimates SNR in the time-series mode, so we adopted the 

conserv ati ve SNRs that were based on the MIRI/MRS imaging mode 

ETC calculations for this manuscript. 5 

The ETC produces data products including the file ‘line- 

plot sn.fits’, which gives the SNR of the WD as a function of 

wavelength. We downloaded this file and developed custom code to 

bin the SNR of the MRS measurements to determine the total SNR 

from all the photons collected in each of the four channels in the MRS 

C sub-band. These four channels are measured simultaneously with 

the MRS instrument and correspond to the following wavelengths 

ranges: 6.4–7.5, 10.0–11.8, 15.4–18.1, and 23.9–28.3 µm. We used 

spectrally averaged SNRs to calculate the photometric precisions in 

each channel. 

We then calculated the amount of IR excess (in parts per thousand) 

from the terrestrial planet of interest. Finally, the IR excess divided 

by the photometric precision results in the SNR of our detection of 

the exoplanet in each MRS channel. 

5.1.2 WD systems with stable HZs 

The habitable zone (HZ) of most WDs in the solar neighbourhood 

lies close to the Roche limit, the minimum stable orbital distance of 

a secondary within which the tidal forces from the star disintegrate 

the planet. We are interested in determining the detectability of HZ 

4 jwst.etc.stsci.edu 
5 jwst -docs.st sci.edu/jwst -exposur e-time-calculator-over view/jwst-etc-calc 

ulations- page- overview/jwst- etc- time- series- modes 
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exoplanets, ho we ver, before we do so it is necessary to constrain 

which WD systems are capable of hosting HZ planets without tidal 

disruption. To do this, we must ensure that the HZ lies outside the 

Roche limit. The Roche limit, a min , is given by 

a min = 2 . 44 R p 

(

M ∗

M p 

)1 / 3 

(1) 

where R p is the radius of the exoplanet, M ∗ and M p is the mass 

of the star and e xoplanet, respectiv ely. We can then compute the 

equilibrium temperature of the exoplanet at the Roche limit, T eq , 

which is given by 

T eq = T eff ( 1 − α) 1 / 4 

√ 

R ∗

2 a min 
, (2) 

where a is the distance between the WD and planet (assuming e = 0), 

α is the albedo of the planet, T eff is the temperature of the WD, and 

we assume uniform heat redistribution. The equilibrium temperature 

of an Earth-density exoplanet orbiting at the Roche limit is given 

in Table 1 for all nearby WD systems. Here, we see equilibrium 

temperatures that range between T eq = 258 −1608 K for an exoplanet 

at the Roche limit. Based on the HZ boundaries defined in Kopparapu 

et al. ( 2013 ), the inner HZ lies inside the Roche limit for many cooler 

WDs, but for all systems in our sample, there is a continuous HZ 

that stable for > 3 Gyr (Agol 2011 ). We refer the interested reader to 

Agol ( 2011 ), Fossati et al. ( 2012 ), Barnes & Heller ( 2013 ), Loeb & 

Maoz ( 2013 ), Kozakis, Kaltenegger & Hoard ( 2018 ), and Kozakis, 

Lin & Kaltenegger ( 2020 ) for a more thorough discussion of WD 

HZs and the habitability of WD exoplanets. We also note that most 

WD HZ exoplanets are likely to experience strong tidal forces and 

be tidally locked to their host (Barnes 2017 ). 

5.1.3 Detecting Earth analogues 

To determine the IR excess from the terrestrial planet, we must 

assume a SED for the object of interest. For Earth analogues, 

we use a model from the Virtual Planetary Lab (VPL 
6 ) model 

deck. Specifically, we used a photochemically self-consistent model 

of the modern Earth orbiting a Sun-like G2V star from Segura 

et al. ( 2003 ) using present atmospheric levels of O 2 . The top-of- 

atmosphere spectrum was produced using the Spectral Mapping 

Atmospheric Radiative Transfer (SMART) model (Meadows & Crisp 

1996 ). SMART is a plane-parallel, multistream, multiscattering 

radiative transfer model that uses the discrete ordinate algorithm, 

DISORT (Stamnes et al. 1988 ), and is applicable for scattering, 

absorbing, and emitting atmospheres. The Earth-like spectrum 

was calculated assuming no clouds and an ocean co v ered surface 

albedo/emissivity. 

For habitable-zone (HZ) Earth analogues with similar tempera- 

tures and atmospheric compositions, we find that IR excess from 

the planet is most easily detected (highest SNR) in channel 2 (10.0–

11.8 µm). In the next section, we explore follow-up observations 

(with MIRI/LRS) that can characterize the atmosphere of these 

terrestrial worlds, but we note that even these relatively short 

MIRI/MRI observations designed to detect terrestrial worlds are 

capable of detecting the presence of an atmosphere (CO 2 and H 2 O) 

in channel 3 (15.4–18.1 μm) for super-Earths ( R ≈1.5R ⊕). Fig. 6 

shows the detectability of a HZ Earth-like exoplanet orbiting WD 

0046 + 051, using the MRS sub-band C observations. We spectrally 

6 dept s.washingt on.edu/naivpl/cont ent/vpl- spectral- explorer

Figure 6. IR excess (in ppt) from a 1R ⊕ Earth-analogue orbiting WD 

0046 + 051. Simulated JWST data (red crosses) based on 10 h of MIRI/MRS 

sub-band C observations. Data points are binned measurements in each MRS 

channel. The IR excess from an Earth-analogue orbiting WD 0046 + 051 is 

detectable (7 σ ) in channel 2 (11 µm). The divergence from a blackbody 

spectrum (indicative of the presence of an atmosphere and CO 2 absorption) 

is detectable at the 3 σ level in channel 3. At 17 µm (channel 3) a habitable- 

zone Earth is 0.4 per cent the flux of its host WD. Note that the horizontal 

error bars are not statistical uncertainties, but show the width of the spectral 

band in each channel. 

bin to one point per channel. In Fig. 6 , the 1.0 R ⊕ analogue is 

detectable with a confidence of 7 σ given 10 h of observations in 

the MIRI MRS C sub-band, channel 2. Channel 3 also shows a 

substantial amount of IR excess, adding to the significance of planet 

detection. If we require instead a 5 σ detection in channel 2, Earth- 

analogues as small as 0.83 R ⊕ are detectable in this system (WD 

0046 + 051) with 10 h of observation. Table 1 gives the radius of the 

smallest detectable (5 σ ) Earth analogue in all the nearby WD systems 

using this MIRI/MRS detection approach. The IR excess in Fig. 6 

from the Earth analogue in channel 1 (6.4–7.5 µm) is not detectable. 

Ho we ver, if this planet were instead a T eq = 287 K blackbody (with 

no atmosphere), there would be a marginally detectable level of IR 

excess in channel 1. The deficit is due to the presence of methane 

and water absorption in the exoplanet’s atmosphere (the absorption 

is detectable at the 2.5 σ level). Channel 3 also shows significant 

deviation from a blackbody spectrum due to CO 2 absorption, which 

is detectable at 3 σ significance 

Due to thermal background, channel 4 (23.9–28.3 µm) is very 

noisy – except for the nearest few systems, the WD is not detectable, 

let alone the planet. While in some cases the planet and WD are 

detectable at 26 μm for broadband imaging (see Fig. 3 ), the MRS slit 

is large and typical SNRs in channel 4 range between SNR = 0.1–

3.0 due to thermal background. If we were to include the data point 

for channel 4 in Fig. 6 , the vertical error bars would extend beyond 

the current range of the y-axis. Therefore, we leave this channel off 

our plots (e.g. Fig. 6 ). We merely note that, to our knowledge, there 

are no detections of WDs this far in the IR and so if observations 

with this method were carried out on the nearest systems using 

JWST , this would provide the first constraints on WD SEDs beyond 

24 µm. 
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Figure 7. Left: Minimum detectable radius of a habitable-zone exoplanet ( T eq = 287 K) for each WD in our sample. This figure demonstrates that the size 

of HZ planet that can be detected depends primarily on the distance to the system. The small amount of scatter in this dependence is due to variations in the 

temperature and radius of the WD – a fit for hot ( T eff = 20 000 K) WDs (top dotted line) and cold ( T eff = 6000 K) WDs (bottom dotted line) is shown here, 

and an equation for this fit is given in the text. The magnitude of the WD is not a driving factor when determining the minimum detectable planet radius 

Right: Minimum detectable exoplanets of a given temperature-radius around WDs at four different distances (2.7–13 pc). Earth-analogs can be detected around 

WDs within 6 pc of Earth and hot, rocky planets with tenuous atmospheres (Mercury-analogues) within 10 pc. Habitable-zone exoplanets orbiting WDs are 

detectable via IR excess out to 8–10 pc (e.g. Kepler-62e). Jupiters and Saturns are detectable with MRS out to 10–20 pc, but can more efficiently be detected 

with 21 μm MIRI imaging. For both plots, we determine detectability based on the amount of IR excess measured from the exoplanet with 10 h of observation 

in the JWST MIRI/MRS sub-band C channels (see Section 5.1.4 ). 

5.1.4 Detecting Rocky planets with tenuous atmospheres 

Using equation ( 2 ) and α = 0.14 gives T eq = 430 K for Mercury. From 

Table 1 , 13 of the 34 WDs are capable of hosting exoplanets with an 

equilibrium temperature equal to or greater than Mercury, and almost 

all (32/34) are capable of hosting exoplanets with more insolation 

than Earth. Therefore, it is interesting to explore the detectability of 

rocky planets with tenuous atmospheres under the assumption that 

many hot, small exoplanets may not retain any atmosphere due to 

EUV radiation from the WD (Schreiber et al. 2019 ). For close-in 

exoplanets with no atmosphere (Mercury analogues) we model the 

exoplanet with a simple blackbody SED. We then determine which 

MIRI sub-band C channel is optimal for detection. We find that for 

cold exoplanets ( � 275 K), detection is optimal in channel 3 (15.4–

18.1 µm), for warm ( ≈275–650 K) exoplanets detection is optimal 

in channel 2 (10.0–11.8 µm) and the hottest ( > 600 K) exoplanets are 

more easily detected in channel 1 (6.4–7.5 µm). Shorter wavelength 

spectral bands are optimum for detection of hotter exoplanets since 

hot exoplanets emit more flux at shorter wavelengths and JWST MIRI 

is capable of higher precision photometry at shorter wavelengths 

bands. 

For four WDs at various distances between 2.7 and 13 pc, 

we determine the minimum-radius detectable (5 σ ) exoplanet as a 

function of exoplanet temperature. The results of this calculation are 

illustrated in Fig. 7 . From this figure, we see that Earth-analogues are 

detectable out to 6 pc. Habitable-zone super-Earths (1.7R ⊕), Jupiter, 

and Mercury are detectable around WD systems out to ∼10 pc. The 

left-hand panel of Fig. 7 demonstrates that the minimum detectable 

size of a habitable-zone exoplanet in each system depends primarily 

on the distance to that system, rather than the properties of the host 

star. This is because the IR excess technique relies primarily on 

collecting photons directly from the planet instead of performing 

a differential measurement as is done for exoplanets in eclipse. 

The small amount of scatter in the left panel of Fig. 7 is primarily 

due to differences in WD temperatures in our sample. WDs are all 

very similar in size, which minimizes what would otherwise be the 

most significant factor in determining the minimum detectable planet 

radius. We provide an equation to estimate the minimum detectable 

exoplanet radius (assuming 10 h of MIRI/MRS observations) as a 

function of distance to the WD system and temperature of the WD 

and exoplanet: 

R min 

R ⊕
= 

(

0 . 16 

(

d WD 

1 parsec 

)

+ 

(

T eff 

154 000K 

)

+ 0 . 10 

)

×
(

T eq 

287K 

)−1 . 9 

, (3) 

where d WD is the distance to the WD system in parsecs, T eff is 

the temperature of the WD in Kelvin and R min is the minimum 

detectable exoplanet radius in Earth radii. The equation accurately 

estimates R min (to a precision of ±25 per cent ) o v er the following 

range: 150 K < T eq < 700 K, 4000 K < T eff < 25 000 K, and d < 

15 pc. 

Since we are directly measuring the unresolved flux from the 

exoplanet, this detection technique is mostly insensitive to viewing 

angle. For the observations to be completely insensitive to inclination, 

at least one of the following must be true: 

(i) We must observe the time-averaged flux (i.e. a full orbit/phase- 

curve) in which case tidal locking would have no bearing on the 

exoplanet’s mean flux from the system. For reference, an exoplanet 
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in the HZ of our WD sample requires � 20 hrs to complete an orbit 

for 69 per cent of our sample. 

(ii) Heat redistribution in the atmosphere of the exoplanet is 

sufficient such that the night-side of the planet is warm enough to 

allow for detection. 

As long as one of these two conditions is true, then the statement 

that the technique is independent of inclination holds. Even if neither 

assumption is correct, the probability that the system is inclined near 

edge-on and that we happen to observe only the dark side of the 

planet is small. Ho we ver, one might argue that for this reason, it 

is beneficial to observe hot WD systems (where case 1 does not 

hold) at several epochs to ensure that inclination/epoch does not 

prohibit exoplanet detection. If this is done, then IR excess can be 

used to detect exoplanets in all WD systems where the instrument is 

suf ficiently sensiti ve. 

It had been noted in the literature that JWST is capable of detecting 

biosignatures in the atmospheres of Earth-like planets transiting 

WDs (Loeb & Maoz 2013 ). More recent calculations show that 

the biosignature pair of O 3 + CH 4 for an edge-on Earth-like planet 

transiting WD 1856 ( d = 25pc, T eff = 4700 K) are detectable (5 σ ) 

with 50 hours of observation (Kaltenegger et al. 2020 ). Ho we ver, 

the transit probability is low, and the transit method can only detect 

1 per cent of habitable-zone Earths in WD systems (Kaltenegger et al. 

2020 ). Since the IR excess method is able to detect nearly 100 per cent 

of habitable-zone Earths (in systems that are sufficiently nearby), the 

probability of detection is dependent only on the occurrence rate 

of exoplanets. If a sufficient number of systems are observed, this 

technique could be used to constrain the occurrence rate of habitable- 

zone terrestrial planets around WDs. Constraints on occurrence 

rates are essential to understanding terrestrial planet formation and 

migration in post main-sequence stars. Further, it has been proposed 

that WDs maintain a relatively stable HZ for billions of years (Barnes 

et al. 2009 ; Agol 2011 ; Fossati et al. 2012 ; Barnes & Heller 2013 ; 

Nordhaus & Spiegel 2013 ). Measurements of their occurrence rates 

and nature would allow us to determine if they contribute significantly 

to the number of habitable worlds. 

As a side note, we will briefly mention that these observations 

would also be sensitive to tidally heated exomoons (Limbach 

& Turner 2013 ; Rovira-Navarro et al. 2021 ), which would be 

dynamically stable around wide-separation directly imaged gas- 

giant exoplanets. These ‘Super-Ios’, should occupy the bottom right 

parameter space (hot, but small radii) of Fig. 7 . 

5.1.5 Noise sources and challenges of detection 

For habitable-zone Earth-like exoplanets and most rocky planets 

with tenuous atmospheres (those with temperatures � 650 K), there 

is very little IR excess in channel 1 (6.4–7.5 µm). Therefore, channel 

1 is ideal for use as a reference channel. Specifically, to make these 

measurements, we will need to fit a WD model to our measurements 

at short wavelengths (where we do not anticipate contamination 

from an exoplanet). This model can then be subtracted off and the 

remaining excess flux from the source at longer wavelengths can be 

attributed to the presence of an exoplanet. Because the IR excess 

from terrestrial planets is likely to be small (0 . 1 − 1 per cent ) this in 

practice will be challenging. Fortunately, there are several analysis 

techniques that can be implemented to facilitate reco v ery of the 

planet signal. Beyond that, for most terrestrial planets simultaneous 

detection of the phase curve and/or planetary atmosphere will provide 

sev eral av enues for detecting (and confirming) the planet without 

solely relying on IR excess measurements. Ho we ver, before we go 

into detail about atmosphere and phase curves, we will describe how 

to make precision IR excess measurements and the challenges we 

are likely to face. 

First, as shown by our models in Section 3 , we expect the spectrum 

of a WD to be a featureless Rayleigh–Jeans tail. To determine if there 

is IR excess, we can first normalize our measurement and model at a 

shorter IR wavelength, and then determine if there is a relative excess 

in the measured data indicating a possible exoplanet. To accurately 

determine the WD temperature and make a very precise relative 

measurement requires building up a spectrum across the MIRI IR 

range (5–22 µm). This can be done by supplementing the primary 

MRS C sub-band observations with short observations in the MRS A 

and B sub-bands. The A, B, and C sub-bands o v erlap which allows 

the construction of a continuous SED of the WD, ensuring accurate 

calibration between channels within the sub-bands. Further, we can 

also obtain spectroscopy of the WD at shorter IR wavelengths with 

NIRSpec to ensure our WD model accurately captures the physics 

and measured SED of the WD. Relative flux calibration between 

sub-bands on the detector at a few hundred parts per million will 

be required to make these measurements. While the instrument has 

been designed to achieve these levels of precision, initial testing and 

observations with JWST will be necessary to confirm they are indeed 

achie v able. 

In addition to the instrumental systematics at the few hundred ppm 

level, we need also be concerned about IR excess from the WD itself. 

Although most WDs are featureless in the IR, some of these objects 

are known to deviate from a blackbody. To detect IR excess from 

a terrestrial exoplanet requires modeling the SED of a WD beyond 

∼10 µm with ∼100 ppm precision based on the measured WD SED 

at shorter wavelengths. 

DA WDs are used as photometric standards because of their 

stable and predictable SED (Narayan et al. 2019 ; Gentile Fusillo 

et al. 2020 ). HST DA WD calibration measurements are precise 

to 1 per cent and are in excellent agreement with models at that 

level of precision (Bohlin, Gordon & Tremblay 2014 ). We will need 

to test if models are capable of predicting the SED at the higher 

precisions required for our proposed detection method, as previous 

studies have not acquired sufficiently precise measurements to test 

this. While most WDs are quiescent, there are some exceptions that 

are known to be variable abo v e the 0.1 per cent level and should be 

a v oided when searching for terrestrial planets via IR excess or phase 

curve modulations (see Section 5.2 ). For example, in our sample, 

WD 1647 + 591 is a ZZ Ceti pulsator (Kepler, Robinson & Nather 

1983 ) with a 0.6 per cent amplitude and a period of 109 seconds. 

WDs 1748 + 708, 0912 + 536, and 1900 + 705 have extreme magnetic 

fields ( ∼100 MG), and in this regime existing models cannot reach 

a 0.1 per cent precision. Another potential issue with magnetic WDs 

(including the ones with smaller magnetic fields) is that they can 

have starspots (analogous to Sun spots) that induce some variability 

(Brinkworth et al. 2005 ; Valyavin et al. 2011 ; Lawrie et al. 2013 ; Kilic 

et al. 2015 ). While these exceptions preclude detection of terrestrial 

planets via IR excess and phase curve modulations, it should not 

preclude our ability to detect gas giants (see Section 4 ) for which we 

only need ∼1 per cent photometric precision due to the large signal 

( � 10 per cent IR excess) from gas giant exoplanets at 21 µm. 

Even if we cannot predict the SED of the WD to the required 

precision, or if the system is contaminated with IR excess from a 

debris disc, we may be able to use exoplanet atmospheric features 

to differentiate between e xoplanet IR e xcess, debris discs, and small 

deviations in the WD’s SED. Specifically, where a WD SED deviates 

from a blackbody, these deviations tend to be very broadband –

absent of spectral features. We also expect about 3–4 per cent of 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
1
7
/2

/2
6
2
2
/6

7
4
7
1
3
9
 b

y
 U

n
iv

e
rs

ity
 o

f T
e
x
a
s
 a

t A
u
s
tin

 u
s
e
r o

n
 0

8
 D

e
c
e
m

b
e
r 2

0
2
2



2632 M. A. Limbach et al. 

MNRAS 517, 2622–2638 (2022) 

WDs to host debris discs (Barber et al. 2012 ; Rocchetto et al. 2015 ; 

Rebassa-Mansergas et al. 2019 ). If a debris disc is present in the 

system, the derived area and disc temperature will help differentiate 

between planet and debris disc. If the debris disc is interior to the 

planet’s orbit and is hotter than the exoplanet, this could interfere with 

the calibration from the shortest wavelength channel. For planets 

orbiting near the Roche limit, debris interior to the planet’s orbit 

may be common where tidal forces are disintegrating the planet 

(e.g. Vanderburg et al. 2015 ). Ho we ver, with suf ficient spectral 

co v erage, it may be possible to fit the SED of the disc and separate 

that component from the WD and exoplanet. An easier method for 

detecting exoplanets that possess atmospheres, would be detection of 

the CO 2 feature in MRS sub-band C channel 3. The presence of such a 

feature would best be explained by the presence of an exoplanet, since 

we anticipate featureless WD spectra and no CO 2 absorption from 

debris disc (see Section 5.3 for more discussion of spectral signature 

detection). Therefore, the presence of an atmosphere on the exoplanet 

may aid in our detection. We anticipate that this method may produce 

some false positives due to these factors, so any detections will need 

confirmation with phase curve observations or spectroscopy (see 

Sections 5.2 and 5.3 ). 

It is worth noting that IR excess can only be detected for small 

planets if the planet is warm. For cooler WDs, this means that the 

planet must be very close (within a few Roche radii) of the star to 

allow for detection. For hot WDs, such as Sirius B, we can detect 

exoplanets at much larger separations. For example, an exoplanet 

with an equilibrium temperature of 300K orbits at 0.14 au around 

Sirius B (a hot, T eff = 25 967 K, WD), but at only 0.01 au around 

WD 0046 + 051 (a much cooler, T eff = 6106 K WD). Therefore, this 

method (IR excess detection) is able to detect planets at a much larger 

range of separations around WDs that are hotter. 

5.2 Step 2: confirming candidates with phase-cur v e 

obser v ations 

As has previously been noted by Lin & Loeb ( 2014 ), the phase curves 

of rocky worlds with no atmospheres orbiting WDs are detectable 

with JWST . The observation time required to detect warm terrestrial 

exoplanets via IR excess of nearby WDs with JWST is generally 

comparable to the planet’s orbital period. For example, the orbital 

period of a 300 K terrestrial planet orbiting WD 0046 + 051 is 10.3 h. 

This implies that full orbital phase curves will simultaneously be 

measurable for close-in exoplanets in most cases. In these cases 

(especially for cool WDs where warm exoplanets must be on a 

very short orbit), JWST could measure a complete phase curve of 

warm exoplanets during initial detection/observation (no follow up 

required). WD 0046 + 051 has a typical temperature ( T eff = 6106 K) 

for WDs in the solar neighborhood. Of the 34 WDs in our sample, 27 

have temperatures between 4000–9000 K and 7 are between 9000–

27 000 K. For the extremely hot WDs in the solar neighborhood 

(those with T eff > 20 000K), full phase curves would only be 

measurable for extremely hot exoplanets. Sparsely sampled phase 

curves would still be possible. For Sirius B, a 1000 K exoplanet 

takes about 10 h to complete one orbit, whereas a 300 K exoplanet 

w ould tak e ∼10 d. Therefore, habitable-zone exoplanet phase curves 

are only measurable for the cooler WD systems (without additional 

follo w-up observ ations) assuming 10 h are spent monitoring each 

system during initial observations. 

F or an e xoplanet similar in temperature to Mercury (day side 

of 700 K), we would expect amplitude variations of 3–30 ppt for 

an exoplanet ranging between the radius of Mercury and Earth, 

respectively, This is detectable with JWST with an SNR of 10 σ

(Mercury-sized planet) or 68 σ (Earth-sized planet). This detection 

technique has been explored for WDs at visible wa velengths, b ut 

it should be much more sensitive in the mid-IR, where the planet- 

to-WD flux ratio is more fa v ourable. The Kepler Space Telescope 

demonstrated time-domain stability of WDs at the 10–100 part- 

per-million level for many WDs (Maoz, Mazeh & McQuillan 

2015 ; Hermes et al. 2017 ), and much larger (part-per-thousand) 

amplitudes are expected from warm terrestrial exoplanets in the 

mid-IR. When measuring phase curves, it will be possible to monitor 

the change in flux in one band rather than measuring the IR flux 

relative to another spectral band. The complex calibrations of the 

spectrum required to detect IR excess discussed in Section 5 will 

not be necessary. Further, we need not predict the SED of the 

WD in the IR, since we need only make a relative time-domain 

measurement. 

In short, unlike the IR excess detection approach, phase curves will 

be most sensitive to short-orbit ( < 1 d) exoplanets, but it will likely 

also be easier to implement as it is less sensitive to instrumental 

and astrophysical systematic errors. One way to mitigate this would 

be to breakup observations of hot WDs into multiple observations 

(sparsely sampled phase curves; Krick et al. 2016 ) to allow for 

detection of longer-period exoplanets via phase curve monitoring. 

These observations could still be combined to allow for IR excess 

detection as well. 

Phase curve precisions with Spitzer were demonstrated with 

40 ppm precision (Kreidberg et al. 2019 ) and measurements with 

JWST should be possible at the 8 ppm level in the IR (Kreidberg & 

Loeb 2016 ; Matsuo et al. 2019 ; Schlawin et al. 2021 ; Mayorga et al. 

2021 ). As shown in Section 5 , we expect signals > 1 ppt from Earth- 

sized exoplanets with MIRI/MRS observations. While phase curve 

observations of main-sequence stars, especially M-dwarfs, must 

account for stellar variability, WDs will be temporally stable. Our 

limiting noise source is likely to be thermal background and photon 

noise. MIRI instrument noise (e.g. 1/ f noise, interpixel sensitivity 

variations) may also contribute. 

To illustrate terrestrial exoplanet phase curve detection, we model 

the MRS phase curves for a Mercury-analogue orbiting WD 1142- 

645 spectral binned in three (of the four) channels, assuming an 

edge-on orientation. Fig. 8 IR excess as a function of wavelength 

(left) and phase curve (right) from an exoplanet with Mercury’s 

temperature distribution. 

If initial MRS observations only detect IR excess, follow-up 

phase curve observations should be possible to confirm exoplanet 

candidates. Specifically, based on the measured equilibrium tem- 

perature of exoplanet candidates identified via only IR excess, it 

should be possible to constrain the orbital period of the planet. 

Although, the constraints may be weak if there are a large number 

of degeneracies in the models based on atmospheric composition, 

planetary radius, and planetary photospheric/surface temperature 

or clouds. Ho we ver, as long as the planet has a measurable day- 

night temperature difference, either further continuous or inter- 

mittent (for longer period exoplanets) follo w-up observ ations with 

JWST should allow for construction of a phase curve monitoring 

to confirm the exoplanet assuming there is a measurable day- 

night temperature difference and the system is not inclined near 

face-on. 

5.3 Step 3: Is there Life? – detecting biosignatures 

If an exoplanet is detected with an equilibrium temperature corre- 

sponding to the HZ using the methods previously described and the 
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Figure 8. Left: IR excess in parts per thousand (left axis) or per cent (right axis) from an exoplanet in the WD 1142-645 system (4.6 pc) with Mercury’s 

temperature distribution in three of the MIRI/MRS Sub-band C channels. IR Excess is plotted for a T eq = 93 K (night-side), 1 R Mercury and 1R ⊕ exoplanet 

(bottom line) and a T eq = 703 K (day-side), 1 R Mercury and 1R ⊕ exoplanets (middle and top lines, respectively). There is no detectable IR excess from the 

night-side of the exoplanet. Simulated, binned JWST MIRI/MRS data are shown assuming 10 h of observation time. The spectral data for all three channels 

are collected simultaneously with the MRS instrument. Right: Simulated MIRI/MRS phase curve (24 h of observation) for the 1 R Mercury exoplanet (day-side 

temperature of 703K) in the WD 1142-645 system. The Mercury-analogue orbits at 0.01 au (same day and night temperatures as left figure) and an orbital period 

of 10.1 h. The simulated data points (light grey) are 10-min integrations with MRS, and the black points are binned (median) to 2 h intervals. The IR excess and 

the phase curve from a Mercury-like exoplanet is detectable in this system. 

presence of an atmosphere is suspected, a search for biosignatures is 

surprisingly possible. 

Here, we will explore the detectability of biosignatures (via 

methods described in Sections 5.1.5 and 5.2 ) for WD terrestrial 

exoplanets within 10 pc (16 systems) with JWST /MIRI using 5–36 h 

of integration time. 

The following process was used to calculate the sensitivity of LRS 

to ozone and methane. Note that in most cases, although an N 2 O 

absorption feature falls within the LRS spectral band (at 7.7 µm), 

the feature is much weaker than the O 3 , CH 4 , and H 2 O features, and 

will typically not be detectable. We uploaded all the modelled WD 

spectra from our sample into the JWST /ETC. We used the LRS slit 

mode for these calculations. Here, since the goal is only detection 

of spectral features, the use of a slit is acceptable and necessary to 

minimize thermal background. We varied the total integration time 

to obtain sufficient SNR for biosignature detection. In all cases, the 

full subarray is read out in fast readout mode. 

Similar to our previous MRS calculations, we used the ‘line- 

plot sn.fits’ file, which gives the SNR of the WD as a function of 

wavelength. We then binned the ETC SNR of the LRS measurements 

to the spectral width of the molecular feature and used this to 

determine the precision of our measurement. We determined the 

amount of signal in a molecular band by calculating the deficit of 

flux due to a molecular feature compared to what we would expect 

from a featureless blackbody (i.e. a planet with no atmosphere). 

Using this method, we illustrate the detectability of the biosigna- 

ture pair (O 3 and CH 4 ) on an Earth analog orbiting WD 0046 + 051. 

The results for 25 h of observation time with LRS are shown in 

Fig. 9 . Here, we show that the biosignature pair is detectable at 

the > 5 σ level within 25 h. We note that biosignature detection 

only requires about 5 × the amount of time as planet detection. 

Specifically, this system would require 5 h of MRS time for exoplanet 

IR excess detection, and 25 h for LRS detection of the biosignature 

pair. 

Earth’s atmosphere has prominent methane and ozone absorption 

features in the IR at 7–8 and 9–10 µm, respectively. The combined 

detection of these two molecules are a biosignature (i.e. indicative of 

life) (Meadows et al. 2018 ; Kozakis et al. 2020 ). Here, we calculate 

the detectability of this molecular pair in the exoplanet atmospheres 

of our WD sample using MIRI/LRS. LRS is the best MIRI option 

for detecting biosignatures because the methane and ozone features 

fall within its 5–13 µm bandpass. Ho we v er, the IR flux e xcess from 

these features is small (0.1–1 ppt). While we do expect sufficient 

sensitivity with JWST to detect these spectral features in this 

bandpass, detection of broad IR excess (from a featureless exoplanet 

with no atmosphere – i.e. a blackbody) at this level of precision would 

likely not be possible. This is because for atmospheric features, 

and specifically these biosignatures, we are able to reference the 

flux in the molecular absorption band to the flux just outside the 

feature. For a featureless blackbody planet with no atmosphere, 

this is not possible due to the lack of a calibration or reference. 

Hence atmospheric features, and specifically Earth-like biosignatures 

are required in many cases to make an rocky exoplanet detectable 

with LRS. 

Although exoplanets should have spectral features even if they do 

not have biosignatures, the only other spectral features of Earth’s 

atmosphere that fall in the LRS band are H 2 O and N 2 O. While 

Earth’s atmosphere contains all four of these species, Venus and 

Mars do not contain any molecular features at a detectable level 

in the LRS band. Ho we ver, a hypothetical Earth-sized planet with 

substantial CH 4 in its atmosphere – e.g. a warm exo-Titan or an 

Archean Earth – would have much stronger CH 4 absorption at ∼7.7 

µm than the Modern Earth atmosphere, which may be detectable 

using these observations. Note that the IR excess at the shorter 

(LRS) wavelengths is so small (unless the planet is extremely hot) 

it cannot be detected in broadband, but these narrow atmospheric 

absorption features (from methane and ozone) should be detectable 

in the spectrum. For that reason, it is best to use MRS for exo- 
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Figure 9. Flux excess from an Earth analog orbiting WD 0046 + 051 versus wavelength. The blackbody spectrum of a T eq = 287 K, 1R ⊕ (grey dashed line), the 

spectrum of an Earth analogue (red line) and simulated, binned MIRI LRS measurements (black crosses). The biosignature pair O 3 + CH 4 is detectable (5 σ ) in 

25 h for Earth-analogues in this WD system. 

planet IR excess detection and LRS for atmospheric and biosphere 

characterization. 

6  DIS C U SSION  

6.1 Example JWST programmes to search for WD exoplanets 

via IR excess 

6.1.1 A census of gas-giants 

A JWST /MIRI broad-band 21 µm imaging surv e y of the 34 nearby 

WD systems for cold Jupiters requires only a couple hours of 

observation per target and, therefore, could be completed using a 

substantial mid-size JWST programme. Such a surv e y would allow 

detection of much colder objects than previous surv e ys and would 

be sensitive to unresolved and directly imaged cold Jupiters at 

almost all separations (spanning the Roche limit out to hundreds 

to 1000 au, depending on the distance to the WD – the field of 

view of MIRI is quite large; 74.0 arcsec × 113.0 arcsec). For the 

nearest, young systems, our detection limits would probe down to 

Saturn mass exoplanets around nearby, young systems. For the oldest 

systems, at further distances ( ≈13 pc), the surv e y would still be 

sensitive to Jupiter analogs at almost all orbital separations (limited 

only by the field of view of MIRI). This surv e y would have an 

advantage o v er previous endea v ours because (1) JWST is extremely 

sensiti ve which allo ws for a surv e y of man y systems relativ ely 

quickly, (2) unlike previous surv e ys which have typically operated 

at shorter wavelengths (4.5 µm), cloudy exoplanets would be as easy 

to detect as those with clear atmospheres, (3) we can search for 

exoplanets at all orbital separations, and (4) JWST , even with short 

integration times, is sensitive to much smaller planets than previous 

surv e ys. Cold gas giant exoplanets directly imaged at 21 µm could 

be confirmed via proper motion measurements, providing a second 

epoch of observations to increase confidence that the detection is not 

a background star. 

A surv e y of these systems could constrain the occurrence rate 

of gas giant planets at all orbital separations with occurrence-rate 

precisions within a few per cent. The WDs we consider here have 

an average progenitor mass of 2 M ⊙ (Cummings et al. 2018 ). The 

frequency of > 1 au gas giant planets around Sun-like stars is 

> 20 per cent (Fulton et al. 2021 ) and the giant planet frequency 

around 2 M ⊙ stars is 5 × higher than around 1 M ⊙ (Reffert et al. 

2015 ). Naively, one could thus expect gas giant planets to be 

ubiquitous around WDs. Ho we ver, se veral uncertainties remain, 

including the survi v al rate of planets at the final stages of stellar 

evolution. If the occurrence rate of gas giant planets around WDs 

is similar to the occurrence rate around A-stars, then we would 

expect such a survey to detect ≈10 gas giant planets. An absence of 

detections would indicate that it is uncommon for gas giant planets, 

even at moderate to large separations, to survive the death of their 

host star. In contrast, if gas giants do out live their hosts, or if there 

is a planet re-genesis, it is not unreasonable that a mid-size JWST 

programme could more than triple the number of known gas giant 

planets orbiting WDs. Detections or non-detections could provide 

insight into the formation mechanism of WD gas giants. 

6.1.2 A search for terrestrial worlds 

A small JWST programme could be used to test the MIRI/MRS 

terrestrial planet detection technique proposed in Section 5 and 

would aim to demonstrate detectability of IR excess, phase curves, 

and exoplanets with CO 2 -dominated atmospheres. The two nearest 

solitary WDs (Wolf 28 and GJ 440, d = 4.3 and 4.6 pc, respectively) 

are ideal targets. Observations with MIRI/MRS for ≈10 h each 

will be sufficient to detect IR excess for HZ planets as small 

as 0.8–0.9 R ⊕, phase curves from HZ exoplanets and Mercury- 

analogues, and provide sensitivity to molecular detection of CO 2 - 

dominated atmospheres. If a habitable-zone planet is detected during 

observations, rapid (20–30 h) follow-up observations with LRS could 

be used to search for signatures of life. 

6.1.3 Finding biosignatures in the nearest systems 

The two nearest WDs, Sirius B and Procyon B (2.7 pc and 3.5 pc, 

respectively), are both companions to bright, main-sequence stars. 

For these systems, the bright star may contaminate MIRI/MRS 

observations because the MIRI/MRS field of view is comparable 

to the separation of the binaries. MRS observations may be feasible 

for Sirius B, where the binary separation is larger, but would be 

challenging in both cases. For these systems, if the primary goal is to 

find life, the best approach may be to use MIRI/LRS observations (in 

slit mode, which should block all light from the nearby bright star) 

to search for biosignatures in the spectrum rather than first trying to 
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Figure 10. The detectability of exoplanets orbiting nearby WDs with JWST 

using IR excess and direct imaging. Within the nearest 13 pc, terrestrial planets 

at separations of < 0.02 au are detectable around their host WD. Gas giant 

planets are detectable at all separations within the field of view of the MIRI 

instrument. The semimajor axis of the WD gas giant planet WD 1856b (black 

dashed line) is shown for reference. For this calculation, we assume the planets 

are blackbodies and use the detection method described in Section 5.1.4 . 

search for exoplanets with MRS. Because these systems are so close, 

biosignatures can be detected relatively quickly with LRS and a small 

JWST /MIRI/LRS programme could be used to search for life around 

these WDs. Ho we ver, the LRS observ ations would not be sensiti ve to 

all terrestrial worlds – only those with detectable levels of methane, 

water, ozone, or nitrous oxide in their atmospheres – unless phase 

curves measurements with ppt precisions could be extracted despite 

the 0 . ′′ 51 slit. The Sirius system is quite young ( < 250 Myr), and it is 

unclear if life could have had time to evolve, but Procyon B (1.4 Gyr 

cooling age or 2.7 Gyr total main sequence + WD age; Bond et al. 

2015 ) is more ideal for such a study. 

6.2 A Comparison with astrometric detections 

Gaia is expected to detect a multitude of exoplanets, including a 

handful of planets orbiting WDs Silvotti et al. ( 2015 ) and Sanderson, 

Bonsor & Mustill ( 2022 ). In this section, we briefly explore the 

detectability of WD exoplanets with Gaia astrometric measurements. 

Our goal is to compare the parameter space (e.g. planet size and 

orbital separation) of exoplanets that are detectable with the two 

methods ( Gaia astrometry versus JWST IR excess/direct imaging). 

Fig. 10 shows the exoplanet radii and separations that are 

detectable around a typical ( T eff = 6000 K) WD in our solar- 

neighbourhood sample as a function of distance to the system. To 

this parameter space, we calculate the equilibrium temperature of 

a planet orbiting at a given distance from the star (assuming a 

uniform albedo of 0.3 and a planet with only blackbody emission). 

For that temperature, we then determine the minimum detectable 

planet radius with MRS sub-band C observations (using the same 

configurations described in Section 5 ). We do this calculation at 

several distances between 4 and 13 pc and then interpolate between. 

We find terrestrial exoplanets are detectable for separations � 0.02 au 

(which happens to correspond to the semimajor axis of WD 1856b). 

Beyond that, gas giants are detectable at all separations out to the 

edge of the detector 10–100 au for MRS, which has only a 7 arcsec 

× 8 arcsec field of view. The mass limit of detectable gas giants is 

dependent on both the separation from the host star and the age of 

each individual WD system. We do not account for WD age in this 

calculation, but note that planetary-mass objects (between 1 M Saturn 

and 10 M Jup , depending on the system’s age) are detectable at all 

separations in each system. Exoplanets between 1 and 10 M Jup are all 

represented on this plot with a 1 R Jup radius. 

For comparison, we calculate the detectability of WD exoplanets 

with Gaia astrometry (see Fig. 11 ). Note that we show the detectabil- 

ity of exoplanets around WDs out to 100 pc for Gaia since Gaia is an 

all-sk y surv e y, whereas a small JWST surv e y for e xoplanets would 

likely be limited to only the nearest WDs (and therefore we only 

show detectability out to 13 pc). For this calculation, we use the 

Gaia astrometric precisions from Perryman et al. ( 2014 ) (Table 2). 

To estimate precisions for a 10-yr mission, we divide the provide 

precisions (given for the 5-yr mission) by a 
√ 

2 . We calculate the 

astrometric signature, α, of the exoplanet using the equation given 

in Perryman et al. ( 2014 ), 

α = 

(

M p 

M WD 

)

( a p 

1 au 

)

(

d 

1 pc 

)−1 

arcsec , (4) 

where d is the distance, and M p and M WD the mass of the planet and 

WD, respectively. We again use a typical cool ( T eff = 6000 K) WD 

from our sample, which corresponds to a V = 14.5 mag star at 10 pc. 

The 5 σ exoplanet detection limit is shown for the cool WDs on the 

left in Fig. 11 . Astrometric detections with Gaia work best at 0.5–4 

au, with possible detection down to Neptune-mass exoplanets for the 

nearest WD systems. 

Unlike JWST observations, which must be conducted on a star- 

by-star basis, Gaia will co v er the entire sky. Therefore, in addition 

to looking at the detectability of exoplanets around the nearby WDs 

in our sample, we also look at the detectability of hotter (20 000 K) 

WDs out to 100 pc (Fig. 11 , right). 

JWST observations are able to detect terrestrial exoplanets that 

are close to the host star, whereas Gaia is more sensitive to longer 

period gas giants. But there is some o v erlap between the exoplanets 

that are detectable with Gaia and JWST . Most of the exoplanets that 

are detectable with Gaia would be characterizable with follow-up 

JWST IR Excess detection or direct imaging observations. 

6.3 Dead stars might be a good place to search for life 

Biosignature detection and the development of exoplanet character- 

ization techniques have traditionally been focused on characterizing 

exoplanets orbiting main sequence stars. Indeed, an observatory 

capable of characterizing exoplanets analogous to Earth was a 

primary recommendation of the Astro2020 Decadal Surv e y. 7 There 

has also been a recent push to characterize HZ exoplanets transiting 

M -dwarfs, which are more amenable to JWST observations than 

FGK stars due to the fa v ourable transit depths. Ho we ver, biosignature 

detection for exoplanets in the most fa v ourable systems, TRAPPIST- 

1, would still require hundreds of hours of JWST observations 

(Lustig-Yaeger, Meadows & Lincowski 2019 ; Lin et al. 2021 ). 

Further, previous studies have shown WDs provide a stable HZ for 

billions of years, possibly conducive to the formation of life (see 

discussion and references at the end of Section 5.1.2 ). Despite the 

field’s focus on detecting life on exoplanets orbiting main sequence 

stars, we have demonstrated in this manuscript that there may be HZs 

where JWST can much more easily detect biosignatures. 

7 nap.nationalacademies.or g/initiative/decadal-sur vey- on- astronomy- and- a 

strophysics- 2020- astro2020 
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Figure 11. The detectability of exoplanets orbiting nearby WDs with Gaia using astrometry on cold ( T eff = 6000 K, left) and hot ( T eff = 20 000 K, right) WDs. 

Gas giant exoplanets at separations of 0.05–5 au are detectable around nearby ( < 100 pc) WDs with Gaia . Gaia is sensitive to sub-Saturn mass gas giants for 

systems within 15 pc. For this calculation, we use the Gaia astrometric precisions from Perryman et al. 2014 (Table 2) and equation ( 4 ) to estimate precisions 

based on the 10-yr Gaia mission. 

With the future launch of a direct-imaging Flagship mission 

observatories, we could be able to characterize and detect life on HZ 

worlds around main sequence stars. Ho we ver, the HZ of WDs lies 

too close to the host star to be accessible to coronagraphic imaging 

in the foreseeable future. Therefore, if our goal is to search for life 

around all nearby star systems, the technique presented here offers 

the first possible method for biosignature detection around all nearby 

WD systems. Unlike future coronagraphic or star-shade imaging 

with large space telescopes, this biosignature detection method is 

accessible to us now. There are no planned upcoming IR space 

observ atories with sensiti vities comparable to JWST , so observ ations 

with the MIRI instrument may be our only chance to search for life 

around nearby WDs. 

Although the technique is in principle capable of detecting 

biosignatures, it is important to keep in mind that there is only a small 

number of systems for which this biosignature detection method is 

possible, and we do not know (i) if Earth-like planets around WD 

exist and (ii) if they do exist, if any of them host exoplanets with 

detectable biosignatures. 

7  C O N C L U S I O N S  

In this work, we have proposed a new technique for detecting WD 

exoplanets and characterizing their atmospheres with the James Webb 

Space Telescope . Our main results can be summarized as follows: 

(i) JWST can detect the IR excess from unresolved, cold ( > 150 K) 

gas-giant exoplanets orbiting WDs within 15 pc using 2 h of MIRI 

broad-band 21 µm observations per system. A mid-size JWST 

programme leveraging this technique is capable of performing an 

efficient census of nearby WD gas-giant exoplanets. 

(ii) JWST can detect the IR excess from unresolved, temperate 

or hot ( > 250 K) terrestrial exoplanets, including Earth and Mercury 

analogues, orbiting WDs within 10 pc using 10 h of MIRI medium- 

resolution spectroscopy. This is the only technique capable of 

detecting most (non-transiting) terrestrial worlds around nearby 

WDs. 

(iii) Follo w-up MIRI lo w-resolution spectroscopy can be used to 

search for biosignatures on HZ WD terrestrial worlds. This is the 

only known technique for detecting biosignatures on non-transiting 

WD exoplanets in the solar neighbourhood. 

(iv) While both JWST (via IR excess & direct imaging) and Gaia 

(via astrometry) are capable of detecting nearby gas-giant planets 

orbiting WDs, only JWST is sensitive to terrestrial worlds. 

In our solar neighbourhood ( < 10 pc), there are 74 AFGK stars, 

283 M-dwarfs, 21 WDs, and 50 (currently known) sub-stellar objects. 

If we place an Earth-analogue in the HZ around each of these 428 

objects, JWST can detect the biosignatures of an Earth-analogue 

orbiting the nearest six WDs (within 7 pc) most readily, requiring 

� 25 h in each system. 8 If an abundance of life exists in this obscure 

location we are likely to detect biosignatures on these worlds with 

JWST in the near future – if we choose to look for it – long before 

we have observatories capable of characterizing Earth-analogues 

orbiting main-sequence stars. 
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