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Abstract

The launch of JWST has ushered in a new era of high-precision infrared astronomy, allowing us to probe nearby
white dwarfs for cold dust, exoplanets, and tidally heated exomoons. While previous searches for these exoplanets
have successfully ruled out companions as small as 7-10 Jupiter masses (Mjp), no instrument prior to JWST has
been sensitive to the likely more common sub-Jovian-mass planets around white dwarfs. In this paper, we present
the first multiband photometry (F560W, F770W, F1500W, F2100W) taken of WD 21494021 with the Mid-
Infrared Instrument on JWST. After a careful search for both resolved and unresolved planets, we do not identify
any compelling candidates around WD 2149+4-021. Our analysis indicates that we are sensitive to companions as
small as ~0.5 M}, outwards of 17263 (28.3 au) and ~1.0 My, at the innermost working angle (0”654, 14.7 au) at
3 Gyr with 5o confidence, placing significant constraints on any undetected companions around this white dwarf.
The results of these observations emphasize the exciting future of sub-Jovian planet detection limits by JWST,
which can begin to constrain how often these planets survive their host stars' evolution.
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1. Introduction

The majority of observed white dwarfs have hydrogen-
dominated atmospheres that are expected to be nearly pure, as
heavier elements gravitationally settle below the photosphere
and out of our view. Despite this, 25%—50% of isolated,
hydrogen-dominated white dwarfs are “polluted” with trace
elements such as calcium and iron, forming the DAZ spectral
class (Zuckerman et al. 2003; Koester et al. 2014). Given that
these elements sink out of the atmosphere on timescales
ranging from thousands of years to a few days (Koester 2009),
these metals must have recently been accreted onto the white
dwarf. The origin of these accreted elements has been theorized
for decades. Previously, this pollution was attributed to the
interstellar medium (Dupuis et al. 1992, 1993; Hansen &
Liebert 2003), yet compelling evidence has accumulated which
instead points to asteroids and other rocky planetesimals for the
origin of these metals (Jura 2008, 2014). While the mechanics
of this are not well constrained by current observations, one
widely accepted hypothesis to explain this phenomenon is the
presence of giant planets in wide orbits around the polluted
white dwarf (Alcock et al. 1986; Debes & Sigurdsson 2002;
Jura 2003).

In this scenario, massive planets that survive the red-giant
phase occasionally perturb the orbits of asteroids and other
bodies, which are then dynamically scattered toward the white
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dwarf. When these objects pass within the Roche limit of the
star, they disintegrate into a cloud of dust and gas, which then
accretes onto the white dwarf. This scenario was shown to be
viable by Debes et al. (2012), who used numerical simulations
to show that a single giant planet is capable of perturbing
planetesimals into highly eccentric orbits which can then create
a steady stream of material to be accreted onto the star. This
model predicts that many polluted white dwarfs may host a
planetary system containing a Jovian analog, although
dynamical simulations have shown less massive planets are
also capable of efficient scattering (Frewen & Hansen 2014).
While there are theories of second-generation planets born of
mass lost on the asymptotic giant branch (AGB), white dwarfs
may come to host planetary systems via first-generation planets
which survive their hosts’ evolution. The orbital evolution of a
planet depends almost entirely on its mass and initial
semimajor axis, as more massive planets in tighter orbits suffer
strong tidal forces which pull the planet toward engulfment
faster than the effects of stellar mass-loss release the planet to
wider orbits. When investigating red giants, Wolthoff et al.
(2022) finds the global occurrence rate of planetary systems
with at least one giant planet (M > 0.8 Mjy,,) to be 10.7%,
with a maximum occurrence rate reached at a stellar mass of
1.68 M. We can also look to white dwarf progenitors (A and F
stars), as we would expect the occurrence rate of giant planets
in wide orbits to be similar. While the exact occurrence rates
are not yet well constrained, recent results from transit and
radial velocity surveys from 10 to 100 au (Fernandes et al.
2019) show that 26% of G and K stars between 0.1 and 100 au
have a giant planet larger than 0.1 M), and 6% have a giant


https://orcid.org/0009-0008-7425-8609
https://orcid.org/0009-0008-7425-8609
https://orcid.org/0009-0008-7425-8609
https://orcid.org/0000-0002-1783-8817
https://orcid.org/0000-0002-1783-8817
https://orcid.org/0000-0002-1783-8817
https://orcid.org/0000-0002-7698-3002
https://orcid.org/0000-0002-7698-3002
https://orcid.org/0000-0002-7698-3002
https://orcid.org/0000-0001-7106-4683
https://orcid.org/0000-0001-7106-4683
https://orcid.org/0000-0001-7106-4683
https://orcid.org/0000-0001-8362-4094
https://orcid.org/0000-0001-8362-4094
https://orcid.org/0000-0001-8362-4094
https://orcid.org/0000-0001-6098-2235
https://orcid.org/0000-0001-6098-2235
https://orcid.org/0000-0001-6098-2235
https://orcid.org/0009-0004-7656-2402
https://orcid.org/0009-0004-7656-2402
https://orcid.org/0009-0004-7656-2402
https://orcid.org/0000-0003-0475-9375
https://orcid.org/0000-0003-0475-9375
https://orcid.org/0000-0003-0475-9375
https://orcid.org/0009-0004-6806-1675
https://orcid.org/0009-0004-6806-1675
https://orcid.org/0009-0004-6806-1675
https://orcid.org/0000-0001-5941-2286
https://orcid.org/0000-0001-5941-2286
https://orcid.org/0000-0001-5941-2286
https://orcid.org/0000-0001-7139-2724
https://orcid.org/0000-0001-7139-2724
https://orcid.org/0000-0001-7139-2724
https://orcid.org/0000-0003-1309-2904
https://orcid.org/0000-0003-1309-2904
https://orcid.org/0000-0003-1309-2904
http://astrothesaurus.org/uat/486
http://astrothesaurus.org/uat/236
http://astrothesaurus.org/uat/1799
http://astrothesaurus.org/uat/1799
http://astrothesaurus.org/uat/2369
http://astrothesaurus.org/uat/387
http://astrothesaurus.org/uat/1234
https://doi.org/10.3847/1538-3881/ad374c
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad374c&domain=pdf&date_stamp=2024-05-08
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ad374c&domain=pdf&date_stamp=2024-05-08
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 167:257 (11pp), 2024 June

planet larger than Jupiter. Direct-imaging surveys (Nielsen
et al. 2019) indicate that giant planets are even more common
around A and F stars than G and K stars. For a 1.5 M, star (the
median progenitor mass of the star discussed in this paper),
Mustill & Villaver (2012) show that a 1 Mj,, planet contacts
the stellar envelope during the AGB phase for initial circular
orbits within ~3.2 au. While this radius increases for larger
planets, a sufficiently massive planet may survive the common-
envelope phase and be found interior to this limit (Bear &
Soker 2012).

The search for giant planets around white dwarfs has been
challenging due to limitations in the methods commonly used
to detect exoplanets. Transit surveys, such as TESS, are
designed to detect short-period objects (Ricker et al. 2015) and
are not well suited for detecting wide-orbit planets that are of
interest in this context. Vanderburg et al. (2020) did succeed in
using TESS to find a ~13 Mjy,, companion orbiting its white
dwarf, however its orbital period is unusually short at 1.4 days
and raises questions as to how this planet migrated or survived
so close to its host. Radial velocity methods, which rely on
detecting shifts in spectral lines, are also not ideal for white
dwarfs due to their lack of prominent spectral lines for high-
precision analysis. Astrometry measures the tiny movements of
stars caused by the gravitational pull of orbiting planets,
however the accuracy of orbital parameters recovered by Gaia
decreases for planets with periods longer than the expected
mission length following extensions (10 yr; Ranalli et al.
2018). For an average (0.6 M) white dwarf, this cutoff for
reliable planet detection corresponds to a = 3.9 au (Sanderson
et al. 2022), and therefore Gaia may not be sensitive enough to
detect a significant number of wide-orbit planets around white
dwarfs. Additionally, direct detection of planets from the
ground is challenging due to absorption of infrared light in the
Earth’s atmosphere, making it difficult to directly observe cool
companions.

Investigators have historically turned to space-based searches
to attempt to take advantage of the high sensitivity and lower
star-to-planet contrast ratio in the infrared. Debes et al. (2005)
used the Hubble Space Telescope (HST) to search for
companions orbiting seven of the nearest DAZs and ruled-out
companions down to 10-18 Mjy,, in orbital separations greater
than 30 au. Mullally et al. (2007) surveyed 124 white dwarfs to
look for infrared excess and placed limits on companions larger
than 10 My, less than 30 au from the star (see also Kilic et al.
2009). Brandner et al. (2021) searched seven white dwarfs in the
Hyades cluster with NICMOS and found no companions larger
than 7 Mjy,,, beyond 10 au. There have also been successful hunts
for these elusive planets: Luhman et al. (2012), using Spitzer
IRAC, found a cool, low-mass, brown dwarf with common
proper motion to a white dwarf, while Blackman et al. (2021)
was able to use microlensing to find a giant planet around a
white dwarf.

While these massive planets have proven difficult to find in
the past, JWST gives us the opportunity to look for sub-Jovian-
mass companions around white dwarfs for the first time.
JWST’s aperture size, coupled with its mid-infrared capabil-
ities, provides the necessary tool to look for planets with
masses <7 Mjy,p,, which are predicted to be more common and
could determine whether the polluted atmospheres are truly
linked to planetary systems.

The cycle 1 JWST program “A Search for the Giant Planets
that Drive White Dwarf Accretion” (GO 1911; PI: S. Mullally)

Poulsen et al.

observed four nearby, young, polluted white dwarfs in
uncrowded fields. The first target observed in this program
was WD 2149+021, which was first noted in 1961 as a white
dwarf “suspect” in a paper on Lowell proper motions (Giclas
et al. 1961), where they were cataloging stars with a proper
motion of more than 0727 yr'. WD 21494021 was listed in
that paper as G93-48. In 1965, in a paper characterizing 166
white dwarfs, it was listed as a DA white dwarf (Eggen &
Greenstein 1965). In 1983, it was listed among the UBVRI
photometric standard stars around the celestial equator by Arlo
Landolt (Landolt 1983) and as one of the Hubble ultraviolet
spectrophotometric, optical spectrophotometric, and optical
polarimetric standard calibration objects in 1990 (Turnshek
et al. 1990) and listed as a DA3 spectral type star. Later, Koester
et al. (2005) discovered a narrow Ca K line from UVES echelle
spectroscopy taken in 2002 and 2003 in the photosphere and
found an abundance of [Ca/H] = —7.7, confirming it as an
actively accreting DAZ. Further monitoring of the white dwarf
has taken place as recently as 2016 with Keck/HIRES (NASA/
Keck Program N171b; PI: Redfield), where archival visible
echelle spectra still show the presence of the Ca K line. This
implies at least 14 yr of accretion. WD 2149+4-021 was observed
by both the Hipparcos and Gaia missions, which means that
any residual acceleration detected in its astrometry could reveal
the presence of a substellar companion (Kervella et al. 2019;
Brandt 2021; Kervella et al. 2022). Kervella et al. (2022)
found no significant acceleration, limiting planets with masses
<0.7 My, between 3 and 10 au.

This paper presents the limits on planet and dust detection
from our observation of WD 2149+4021. We describe the
methods used to obtain our observations, followed by the
modeling of the white dwarf’s photometry based on previous
observations. We then discuss our limits to detecting resolved
planets, an analysis of background objects in the Mid-Infrared
Instrument (MIRI) field of view, the limits to detecting
unresolved planets, cold dust, and finally tidally heated
exomoons. We conclude by discussing our primary findings,
as well as discussing some considerations to keep in mind.

2. Description of Observations

WD 21494021 was observed by MIRI in four broadband
filters centered on 5.6, 7.7, 15.0, and 21.0 ym. This multifilter
approach allows us to employ two different methods for planet
detection: searching for resolved planets using direct imaging,
and unresolved planets using infrared excess. At 15 pm, most
planets similar in mass and age to Jupiter will have contrasts of
~100:1, which MIRI is able to spatially resolve beyond ~15 au
(1.5x the FWHM of the 15 pum filter). To look for directly
imaged exoplanets, we will focus on the 15 um filter, as these
observations have the longest exposure time and provide the
deepest mass limits. We will rely on the other filters to look for
evidence that a source is a background star or galaxy and not a
legitimate candidate. Planets should be dimmer and redder than
stars, and should be shaped like a point source, while typical
galaxies are extended.

To detect unresolved planets, we will focus on the 21 pm
filter as the white dwarf flux is lower than in the 15 pm filter.
To develop an understanding of the anticipated sensitivity, we
compared archival photometry of the white dwarf against
predicted spectral energy distributions (SEDs) of the photo-
sphere. By modeling planet flux and adding that to the
predicted flux of WD 21494-021 with no companion, Figure 1
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Figure 1. The expected flux for WD 21494021 with 3 Gyr old companions of
varying mass, normalized to the expected flux of WD 21494021 with no
companions, for each of the four MIRI filters used. From left to right, these
filters are FS60W (purple), F770W (blue), F1500W (green), and F2100W
(yellow). With current absolute flux calibration reported to be 3% or better in
all filters, the dotted and dashed horizontal lines denote a 30 and 5o confidence,
respectively. Companions above 2 My, were modeled using cloudless Sonora
Bobcat grid models (Marley et al. 2021), and companions below 2 My, were
modeled using cloudless Bex models (Linder et al. 2019).

Table 1
Observing Parameters of WD 21494021

Filter Ao NGroups Nints Dithers Exp. Time

(pm) (s)
F560W 5.635 27 2 4 610
F770W 7.639 10 2 4 233
F1500W 15.064 90 5 12 15118
F2100W 20.795 33 8 8 6016

Note. NGroups is the number of groups up the ramp per integration, and Nlnts
is the number of integrations taken for each exposure.

illustrates the effectiveness of the F2100W filter in detecting
unresolved companions. We find that planets close to ~5 My,
would show a strong excess in the 21 um filter, while planets
close to ~3 My, would still exceed a 3o significant excess.
These limits will continue to improve as MIRI's absolute flux
calibration improves.

JWST targeted WD 2149+021 with the MIRI in imaging
mode with four different broadband filters: FS60W, F770W,
F1500W, and F2100W (Table 1). The object was targeted by
JWST on 2022 October 13 and the data are located on MAST:
10.17909/kj1r-9¢95. Each image, grouped by filter, was
composed of many exposures dithered using the “Cycling”
dither pattern with the FASTRI1 read-out pattern. The exposure
times and observing parameters are shown in Table 1. The raw
data products (“uncal” images) were generated using SDP_
VER=2022_5c. Each image was processed through stage one
and two of the imaging pipeline CAL_VER=1.11.4 (Bus-
house et al. 2023) using mostly default parameters as defined in
the parameter reference files, only setting the jump detection
threshold to 5o. After the stage two pipeline was run, a mean
background image was created for each filter and subtracted
from each cal file. Lastly, the level three imaging pipeline was
run on the background-subtracted files and combined with the
resample kernel set to “Gaussian,” the weight type set to
“exptime”, and doubling the outlier detection scale parameter
to “1.0 0.8,” but using the parameter reference files in CRDS-

Poulsen et al.

False Positive

Figure 2. Color image of WD 2149+021 created by combining the F770W,
F1500W, and F2100W filters. Visible directly above the white dwarf is a false-
positive candidate, eliminated due to its extended shape and incorrect color.

OPS for all other parameter settings (CRDS_CTX=jwst_
1130 .pmap). These background-subtracted cal and i2d files
were used for all subsequent analyses.

Figure 2 shows a color image of WD 2149+4-021, created by
stacking the F770W (blue), F1500W (green), and F2100W
(red) exposures. The white dwarf is in the center of the image,
surrounded by background sources that are both unresolved
and extended. A faint false positive, the closest source to
WD 2149+021, is excluded as it is not consistent with a
planetary SED and the FWHM along the source's major axis is
twice the point-spread function (PSF) FWHM for the F1500W
filter (and is hence resolved). We assume point sources will
have a FWHM 4+20% from the nominal PSF.

3. White Dwarf Modeling and Photometry

In order to determine if WD 21494021 is orbited by
unresolved planets or dust, we must first accurately model
the white dwarf SED based on available photometry. We then
remove the white dwarf flux at the infrared wavelengths to see
if there is any contribution from a much cooler counterpart. We
first gather and fit against observed ultraviolet/visible/near-
infrared /mid-infrared photometry. For ultraviolet/visible, we
convolve the HST CALSPEC spectrum of WD 21494021 that
should have ~1% absolute flux accuracy (Bohlin et al. 2001)
with the GALEX far-ultraviolet/near-ultraviolet and Sloan griz
filter profiles via the Spanish Virtual Observatory's SPEC-
PHOT tool.® For the near-infrared, we use the Two Micron All
Sky Survey (2MASS) Point Source Catalog, and for the mid-
infrared, we use a combination of ALLWISE W1, W2, and
Spitzer SEIP flux values for IRAC 2 and IRAC 4 (Wright et al.
2010; SSC/IRSA 2013; Mainzer et al. 2014). Table 2 gives the
measured photometry for WD 2149+021. We then utilize the
grid of publicly available cooling models for hydrogen-
dominated atmosphere white dwarfs (Bergeron et al. 1995;
Holberg & Bergeron 2006; Kowalski & Saumon 2006;

? http://svo2.cab.inta-csic.es/theory /specphot/
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Table 2
Photometry of WD 2149+021

Filter Central Wavelength F, g,

(pm) (mJy) (mly)
GALEX FUV 0.1530 39.0 0.4
GALEX NUV 0.2353 50.0 0.5
Johnson B 0.4384 33.0 1.2
Johnson V 0.5480 28.2 1.7
Sloan g 0.4747 32.3 0.3
Sloan r 0.6188 23.8 0.2
Sloan i 0.7544 18.2 0.2
Sloan z 0.8791 13.8 0.1
2MASS J 1.2391 8.4 0.2
2MASS H 1.6487 5.0 0.2
2MASS K 2.1634 2.9 0.1
WISE 1 3.4655 1.37 0.03
WISE 2 4.6443 0.76 0.02
IRAC 2 4.5024 0.79 0.02
IRAC 4 7.8556 0.27 0.01
F560W 5.6173 0.49 0.02
F770W 7.6523 0.26 0.01
F1500W 15.1003 0.071 0.002
F2100W 20.8471 0.042 0.001

Tremblay et al. 2011; Bédard et al. 2020)10 to minimize a chi-
square metric assuming the Gaia Data Release 3 distance
(d = 224 pc; Gaia Collaboration et al. 2016, 2023) and
estimate the 95% confidence interval for 7.4 and log g. We
find, from the photometric fitting, T.;s= 17,840 & 100 K and
log g =8.01 = 0.01.

This is similar to the inferred values from McCleery et al.
(2020), who find T = 17,876 = 188 K and log g = 8.01 £ 0.01,
and Kilic et al. (2020), who find 7= 17,753 72K and
log g =8.06 + 0.004. All three of these results have consistent
resulting temperatures, and we agree with the surface gravity
determined by McCleery et al. (2020). All three methods are
similar, using a Gaia-derived parallax and photometry. While we
use a larger number of filters, Kilic et al. (2020) used Pan-
STARRS photometry and McCleery et al. (2020) used Gaia Data
Release 2 photometry. The reported Pan-STARRS photometry
appears to be fainter than would be expected from our Calspec
spectrum, implying the possibility of slight saturation being
present in the Pan-STARRS images, making this photometry
unreliable for fitting purposes. Thus, we will assume a
log g =8.01 for calculations of the total age of the system.
The mass and cooling age are then inferred from the cooling
models and the WD mass-radius relationship using
Tetr=17,753 £ 72K and log g =8.01 +0.01 (Figure 3). This
implies a mass of 0.62 M., and a white dwarf cooling age of
114 Myr.

To measure the photometry of WD 2149+021 in the four
MIRI filters, we conducted aperture photometry using the
recommended CRDS aperture radii and background apertures
for each filter in the MIRI aperture correction file (JDox 2016).
We chose photometric apertures that correspond to 80% of the
total flux of the target. We utilized the recommended color
corrections for a Rayleigh-Jeans flux distribution, which
correspond to 1.011, 1.021, 1.013, and 1.017 for F560W,
F770W, F1500W, and F2100W, respectively. Additionally,
F1500W and F2100W have recently been reported to have

'% hitps: //www.astro.umontreal.ca/bergeron/CoolingModels /
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experienced drops in sensitivity between commissioning and
2023 July of 3% and 12%, respectively, with updates to the
relevant calibration files now available.'’ We have included the
updated calibrations, as well as improvements to the absolute
flux calibration for F560W and F770W, with expected
uncertainties of 3%. A comparison between the MIRI
photometry of WD 21494021 and the expected photospheric
photometry is given in Figure 4.

To predict the expected flux of the white dwarf for each
filter, we interpolated the existing models to the reference
wavelengths of the four MIRI filters. The resulting MIRI
photometry is listed in Table 2. We found that the MIRI
photometry is consistent with the predicted white dwarf fluxes,
and thus there is no evidence for a significant infrared excess
around WD 2149+4-021.

4. Results

In the following section, we demonstrate that our observa-
tions are sensitive to a variety of measurable signatures of
planetary systems due to MIRI’s sensitivity, stable PSF, and the
absolute flux calibration. Cool giant planets can be detected
either through infrared excess (e.g., Ignace 2001) or by direct
detection via high-contrast imaging (e.g., Burleigh et al. 2002;
Debes et al. 2005). Additionally, warm dust within the tidal
disruption radius of the white dwarf can be detected as an
infrared excess (Jura 2003). Other more exotic signatures
include infrared excess due to highly irradiated sub-Jovian
planets (Sandhaus et al. 2016) or the direct imaging of tidally
heated exomoons (Peters-Limbach & Turner 2013).

4.1. Limits to Direct Detection

In order to determine our sensitivity to resolved companions,
the contrast between a circular aperture located at the center of
the white dwarf (the central aperture) can be compared against
multiple equally sized apertures located at a fixed distance
away from the central aperture. The optimal aperture radius to
maximize the signal-to-noise ratio (S/N) was determined to be
67% (Naylor 1998)'? of the FWHM of MIRI’s PSF for each
filter.~

To obtain a meaningful contrast close to the white dwarf and
out to ~10”, we constructed reference PSFs and subtracted
them from the white dwarf in order to gain contrast interior to
~1" in each filter. The MIRI PSF wings for the white dwarf at
wavelengths shorter than 15 um are detected beyond the first
Airy ring, which is field dependent and for the F560W filter
also includes the cruciform feature (Wright et al. 2023).

For the FS60W and F770W filters, we utilized the PSFs of
two of our other targets: WD 2105-820 and WD 1620-391.
We combined the two PSFs for each filter together and
calculated offsets and scalings relative to WD 2149+4-021 based
on the measured stellar centroids and aperture photometry.
However, the F1500W and F2100W exposures were much
longer for WD 2149+021 than for the other white dwarfs in
our program, making it difficult to use our other targets for PSF
subtraction. Instead, we used a bright star in the field of view to
determine the shape of the PSF. Subtracting this PSF does not

" hitps: //www.stsci.edu/contents /news/jwst/2023 /miri-imager-reduced-
count-rate.html

12 http:/ /wise2.ipac.caltech.edu /staff /fmasci/GaussApRadius.pdf

13 hitps:/ /jwst-docs.stsci.edu /jwst-mid-infrared-instrument /miri-observing-

modes/miri-imaging
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Figure 3. Probabilty distributions for the age, initial mass, and final mass of WD 2149+021 derived using wdwarfdate (Kiman et al. 2022). The values
Teir= 17,753 £ 72 K and log g = 8.01 + 0.01 were used for input values. The DA cooling models (Bédard et al. 2020), MIST-based initial-final mass relation
(IFMR; Cummings et al. 2018), and [Fe/H] = 0.0, v/vcrit = 0.0 (Choi et al. 2016; Dotter 2016) were chosen for the model WD, model IFMR, and isochrone of the

progenitor star, respectively.
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Figure 4. Top: the measured SED of WD 21494021 inluding archival
photometry (black squares) and JWST MIRI photometry (blue squares),
compared to a DA cooling model with T, = 17,480 K and log g = 8.01 (red
squares). Overplotted is the CALSPEC spectrum for WD 21494021 (black
line). Bottom: the residuals in units of sigma. The observed JWST MIRI
photometry matches the expected photospheric flux to within 3 times the
absolute flux calibration uncertainties (dashed lines) of ~3%

perform as well close to the star, but does perform better in the
wings. Figure 5 shows our PSF subtraction for FS60W and
F1500W.

After calculating the flux in the central aperture using the
non-PSF-subtracted image, a ring of nonoverlapping apertures
is placed around the white dwarf on the PSF-subtracted image.
The aperture-to-aperture standard deviation was then measured
for each ring, allowing us to calculate the 50 contrast for each
radii as

5.0%0(r)
Sumwp ’

Contrast(r) = 1)
where sumyp is the total flux in the central aperture. Due to
other objects in the immediate field around WD 21494021, it
was necessary to remove outlier apertures before taking their
standard deviation. This process was automated based on the
median absolute deviation (MAD) with a 50 rejection limit,
such that an aperture would be rejected if

SUMper — Mediangyg

MAD
However, apertures close to the white dwarf (within the first

two rings) were not allowed to be rejected. This process
consistently rejected apertures clustered near the false positive
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Figure 5. Top left: FS60W image of WD 2149+021. Top right: FS60W with a
reference PSF scaled and subtracted from the image. Bottom left: F1500W
image of WD 2149+-021. Bottom right: F1500W image with a reference PSF
scaled and subtracted from the image. Our observations nearly hit the
background sensitivity limit close to the star in both filters.

marked on Figure 2, as well as the suspected background
galaxy above it, with few other apertures being rejected. The
contrast was calculated using this method for multiple distances
in order to create the So contrast curve shown in Figure 6.

A grid search of the PSF-subtracted image was also
performed, where an aperture was placed at each integer pixel
within 2”5 of the central source in order to probe for outlier
sources. Of these apertures (also sized at 67% the FWHM of
MIRT’s PSF ~0”32 = 2.97 pixels), none had a sum above 50
significance.

In order to convert the sensitivity of our observations given
in Table 3 to planetary masses, we used cloudless Sonora
Bobcat grid models (Marley et al. 2021) above 2 Mjy,, and
cloudless Helios grid models (Linder et al. 2019) below 2 My,
We first calculated the proper T, logg combinations for a
given age corresponding to various substellar companion
masses from the Sonora Bobcat grid. We then interpolated
JWST fluxes from the grids of predicted fluxes for ages
between 1.5 and 10 Gyr. For the Helios grid, fluxes for specific
ages for 0.3, 0.5, 1, and 2 Mjy,, were precalculated. We then
converted the predicted fluxes or magnitudes to apparent fluxes
accounting for the distance to WD 21494021, 22.4 pc. For the
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Figure 6. This contrast curve reports the flux ratio of our central aperture
relative to the standard deviation of the background at varying radial distances
for two of our filters, F550W (top) and F1500W (bottom). The blue dashed
lines are located at the median contrast level for each filter, and are reported as
the associated limiting mass by interpolating the 3 Gyr Bex model. On the
F1500W contrast curve, an additional line in green has been added to show the
contrast level expected for a 1 My,, companion, also based on the 3 Gyr Bex
model. Finally, the red dashed line shows the contrast level for our own Jupiter
(4.6 Gyr) based on synthetic spectra generated using the Planetary Spectrum
Generator (Villanueva et al. 2018), which has been scaled to the distance of
WD 2149+-021.

median contrast in the F1500W filter, this corresponds to a
0.5 My, companion (3 Gyr, T =~ 108 K).

4.2. Analysis of Background Objects

Since the contrast curve is consistent with hitting the limiting
background sensitivity at radii beyond 1”2, we also investi-
gated the possible rate of contamination from both resolved and
unresolved sources in the field. We conducted a search for
significantly detected sources above the background with the
DAOFIND equivalent IDL astrolib routine FIND.pro, using the
following parameters for our F1500W image: We searched for
objects with a peak flux of 10 nlJy pixel” ", default roundness
and sharpness criterion, and an assumed PSF FWHM of
4.4 pixels (0”48). We avoided the “bonus region” in the upper
left of the detector and masked out edges where only one or
two dithers contributed to the image to cut down on spurious
detected sources. This left a total detector area of 9237 arcsec”.

Each detection was vetted to determine if it was consistent
with a resolved or unresolved source by fitting the detection
with a 2D Gaussian. The core of the JWST PSF is reasonably
approximated by a Gaussian out to ~1 FWHM, and in general
the morphology of extended sources is smooth enough to also
be approximated by Gaussian shapes.

Spurious sources with excessively small FWHM values,
offsets from flux peaks, or extremely large FWHM values were
filtered out, leaving a total of 119 sources besides the white
dwarf present in FI500W. We determined a rough cutoff
between resolved and unresolved sources by looking at the
population of all detections and noting that the width of the
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distribution centered around 4.4 pixels (the FWHM of the PSF
core) varied by ~20%. Nearly all of the proposed point sources
below this cutoff (27) also had F560W detections which were
visually inspected, with only three sources being resolved at the
shorter, higher-spatial-resolution filter. We flagged those as
extended and removed them as point sources, leaving 24 point-
source objects and 84 extended objects in the field.

Aperture photometry encompassing 60% of a point-source
flux was measured for each detected object in the four filters. In
most cases significant (S/N ~ 5) detections were present in all
filters. Figure 7 shows the field point sources as a function of
their F1500W flux and their F2100W /F560W colors. Unfortu-
nately, exoplanet isochrones relevant to white dwarfs show that
substellar objects overlap with background sources no matter
what combination of colors is used for these four filters.

In the case of WD 21494021, only a couple of objects are
consistent, within the uncertainties, to predicted SEDs of cool
Jupiter-mass planets. As mentioned above, however, there is
still little observational constraint of what planets should look
like beyond Jupiter, and thus there is an inherent systematic
uncertainty in our true sensitivity. Even so, it is clear that our
observations at F1500W were more than sufficient to detect
sub-Jovian-mass planets, provided estimates of the F1500W
flux are reasonably correct. One such object in Figure 7, which
resides in between the two model isochrones and would be
consistent with a 0.5-10 M}, companion, is also detected in an
archival Spitzer IRAC 2 image from 2009 (AOR: 35007232;
PI: Burleigh). It is consistent with having zero proper motion
and is thus firmly ruled out as a comoving companion to
WD 2149+021, which would have traveled ~4" over the past
13yr. A full common proper motion search for comoving
companions is beyond the scope of this paper.

Given these results, we can estimate the probability that a
background object will appear close enough to a white dwarf to
potentially contaminate the star’s flux or pose as a spurious
planetary companion. First, we take the generic probability that
any source will be present; in that case, there are 0.01 sources
per arcsec”. Within the PSF FWHM at F1500W, the probability
that there is a spurious infrared excess due to a background
object is just 0.8%. For a search for planets within 100 au of the
WD (475), the probability of background contmination is 73%.

However, JWST is able to resolve most sources. In that case,
the probability that a point source might be an interloper within
5" is 16%, which can can be dependent on Galactic Latitude.
Stellar objects typically have F1500W /F560W flux ratios of
<0.3 under the assumption of a Rayleigh-Jeans flux distribu-
tion, which should not be the case for cooler planet mass
candidates and extragalactic objects. If we also filter out objects
with FI500W/F560W flux ratios >0.3, then the probability
that a red point source will be within 5” to WD 21494021 is
11%. Red point sources at separations of between 0”5 and 175
are highly likely to be physically bound to the WD, since the
probability there is between 0.1% and 1.3%. Larger imaging
surveys should expect to find significant contamination from
extended sources beyond a few arcseconds. Companions
detected at smaller separations may be difficult to disentangle
from resolved galaxies due to PSF subtraction residuals,
although the overall probability that this will happen for the
range of contrasts expected for planetary companions is fairly
low. There were two sources which had a S/N less than 5 in
F560W, but did have F1500W and F2100W photometry
reasonably consistent with low-mass planets (F2100W/
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Table 3
Contrast Values for Each Filter at the Innermost Radius, as Well as the Median Contrast

Filter Inner Contrast Inner Radius Median Contrast Median Contrast Radius
F560W 6.1 x 1072 07277 (6.2 au) 8.1x 1074 1706 (23.8 au)
F770W 22 %1072 0”360 (8.1 au) 25%x 1073 1738 (30.9 au)
F1500W 1.1 x 1072 0”654 (14.7 au) 6.0 x 1073 1726 (28.3 au)
F2100W 6.8 x 1072 0”903 (20.2 au) 46 x 1072 1746 (32.8 au)

Note. The innermost radius and the median contrast radius (the radius at which the contrast hits the median contrast) are listed in both arcseconds and au.
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Figure 7. F1500W flux vs. F2100W/F560W flux ratio for all point sources
detected in the WD 2149+-021 field. Overplotted is a 0.1 and 10 Gyr isochrone
constructed from a combination of Sonora Bobcat and Bex models, bracketing
planets formed during post-main-sequence evolution to the upper limit to the
total age uncertainty (6.5 Gyr; Figure 3) of WD 2149-+021.

F1500W ratios of ~2). These sources are at projected
separations of ~450 and 830 au, and are consistent with 2—5
My, masses at 3 Gyr. At these distances, the rate of point-
source background galaxies is high enough to expect a few
candidates. It is clear that any large surveys will be required to
test for common proper motion, as is typical for direct-imaging
surveys at other wavelengths.

4.3. Limits to Unresolved Companions

After plotting the CALSPEC spectrum on top of our
observed flux (Figure 4), we see that the observed JWST
MIRI photometry matches the expected photospheric flux to
within the absolute flux calibration uncertainties. The current
accuracy of the MIRI flux calibration is 3%. Assuming the 50
upper limits of 15% to the presence of unresolved companions,
we can convert those upper limits to mass sensitivities to
unresolved companions that are only emitting thermal emission
with orbital radii of <0”5 (11.2 au). Using the isochrones for a
total white dwarf age of 1.5, 3, and 8 Gyr, corresponding to the
youngest, median, and oldest total WD ages, we find limits of
2,4, and 7 My, respectively. Even at ages as old at 10 Gyr (the
maximum age of the theoretical isochrones), the mass limit is
8 Miyyp.

Interior to ~0.3—1 au, the insolation from the host white
dwarf becomes important and contributes to the total
luminosity of a companion, making it brighter than it otherwise
would appear. Calculating an equilibrium temperature and a
surface area under the assumption of blackbody emission
allows us to place upper limits to the radius of objects that
might be heated sufficiently close to the white dwarf which
might be detectable.

To estimate our radius limits, we calculated the maximum
emitting area allowed by our 21 um 3¢ upper limits to the flux

for WD 21494021, following a similar procedure outlined in
Farihi et al. (2014). Using our flux limit (Fj;;,;) and distance to
the wihite dwarf (dwp) where we estimate the total emitting
area (Apcaea) for blackbody emission B(21 um, T.,) with an
equilibrium temperature (T¢g):

Fi . d2
Aheated = Mv (3)
mB(21 pm, Toq)
with Teg:

Ty = Tar(1 — )2 [0 )

2a
where o = 0.3 is the planetary albedo, and a is the semimajor
axis of the planet. We set Rwp =0.0127 R.,. We assume a
circular orbit. True planets’ SEDs are modified from a pure
blackbody by either their surface or atmospheric composition
(e.g., Figure 6 from Limbach et al. 2022), and thus our true
sensitivity is dependent on the properties of a given planet. We
find that irradiated planets will be detectable if they range from
1 to 12 R, if they have orbital separations between the Roche
radius and 0.3 au, respectively. We can estimate the mass from
the limiting radii, assuming the approximate relationship
0of 0.39 My, X (R,/12.1 R)!'® (Bashi et al. 2017).

Figure 8 shows a combination of the unresolved irradiated,
unresolved thermally emitting, and direct-imaging sensitivity
limits from our MIRI observations as a function of orbital
radius. We compare this to the confirmed exoplanet population
known as of 2023 September 1, but with a modified semimajor
axis for each planet. If every planet were to survive post-main-
sequence evolution and its orbit evolved adiabatically, its final
semimajor axis would be a factor of 2.4 larger due to the mass
loss of the host star, as shown on our plot. For planets beyond
~3 au, tidal effects from the red giant and asymptotic giant
phases of evolution are not strong enough to plunge the planet
into the star.

JWST observations can directly test the minimum survivable
mass and semimajor axis of planetary companions in post-
main-sequence systems. As with post-common-envelope
binaries that have undergone common-envelope evolution,
we expect some fraction of planets within 3 au to survive and
migrate to small semimajor axes, where they are then irradiated
by the white dwarf. Planets that survive this process move
outwards and become amenable to direct imaging with JWST.
Gaia and JWST will likely be sensitive to a wide range of
planets down to ~1 My, that orbit between 1 and 10 au, though
we expect most inner planets to be destroyed during post-main-
sequence evolution. For WD 21494021, we would be sensitive
to nearly 50% of all currently known exoplanets with current
orbital semimajor axes >3 au. In particular, we also show that
our white dwarf direct imaging is significantly more sensitive
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Figure 8. JWST/MIRI mass sensitivity for WD 2149+021. The solid red line denotes our mass sensitivity for WD 21494021 from unresolved infrared excesses and
directly imaged companions assuming the median age (3 Gyr). The resolved limit is based on the contrast curve (Figure 6), which has been converted into a planet
sensitivity in FIS00W. The dashed line represents infrared excess mass sensitivity assuming that close-in planets are irradiated by the white dwarf. The orange lines
are the infrared excess limits from previous Spitzer and HST direct-imaging observations of other white dwarfs. Symbols in blue represent planets with initial
semimajor axes >3 au, the approximate orbital radius where planets are expected to survive post-main-sequence evolution (Mustill & Villaver 2012). Planet
semimajor axes are expanded to account for adiabatic mass loss without tidal effects. Our observations would be sensitive to 55% of these known planet companions,
if they were present in orbit around WD 2149+021. We also overplot the two known white dwarf exoplanet candidates with semimajor axes <10 au. Exoplanet data

provided by the NASA Exoplanet Science Institute (2020).

to intermediate and widely separated Jovian and sub-Jovian
analogs than current direct-imaging surveys in the near-infrared
with ground-based adaptive optics.

4.4. Limits to Unresolved Cold Dust

Most white dwarfs that accrete rocky material do not show
evidence for thermal emission from the dust that may be
present. The current picture of this accretion requires rocky
bodies that tidally disrupt, with constituent disruption products
ground down into small dust which sublimates into the gas that
eventually accretes onto the surface of the white dwarf. If there
is sufficient material, an optically thick disk could form,
creating warm dust near the sublimation radius of dust within a
few white dwarf radii (Jura 2003). This picture is consistent
with the roughly 1%—4% of metal-polluted white dwarfs that
show significant mid-infrared emission at or within the tidal
disruption radius (Debes et al. 2011; Barber et al. 2014;
Rocchetto et al. 2015). If the accretion is dominated by the
Poynting—Robertson drag of dust, then certain dust accretion
rates can account for sufficient mass in the disk to be
observable (Rafikov 2011; Metzger et al. 2012; Kenyon &
Bromley 2017a). Such disks are very easy to detect unless they
are nearly edge-on.

If the dust is not optically thick, the sublimation radius of
dust for white dwarfs like WD 21494021 moves outwards to
roughly the Roche tidal disruption radius and can have much
lower luminosities—while an optically thick disk could
reprocess up to a few percentage of the white dwarf luminosity,
optically thin dust akin to a debris disk can have orders of
magnitude lower luminosity and remain undetectable to
previous surveys of white dwarfs.

However, colder or lower-luminosity dust disks are amen-
able to detection with JWST. It is likely that there exists a

larger number of low-luminosity or cold disks around white
dwarfs with lower accretion rates. For example, recent work
has shown that tidally disrupting rocky bodies do not form
geometrically flat disks as originally envisioned by Jura (2003)
but rather can be vertically extended due to the lack of
significant collisional damping (Kenyon & Bromley 2017b,
hereafter K17). Such optically thin disks tend to be less
massive while still consisting of a fairly large emitting area
from small dust (Ballering et al. 2022). This would be
consistent with existing circumstellar gas measurements that
put the outer ranges of the gas at around the tidal disruption
radius, since optically thin dust will sublimate further out
(Manser et al. 2016; Steele et al. 2021). So far, only one
accreting white dwarf has been probed for additional cold dust
beyond ~10 pum, G29-38, which was probed both by the
Atacama Large Millimeter/submillimeter Array and Herschel,
and showed no additional dust components (Farihi et al. 2014).

JWST photometry of nearby white dwarfs at wavelengths
beyond 15 pm probes for very small amounts of warm and cool
dust and start to constrain the details of dust accretion.
WD 2149+-021 is sufficiently luminous to heat dust close to the
tidal disruption radius, but significantly beyond that radius such
that one would expect all planetesimals to be fully evaporated if
they tidally disrupt (Steckloff et al. 2021). In fact, if the
scenario of K17 is correct, that tidally disrupted bodies relax
into quasi-circular swarms which collisionally evolve, JWST is
sensitive to the predicted dust disks present for a large fraction
of accreting white dwarfs. K17 predicts that steady-state dust
disks formed from the regular injection of 1-100km
planetesimals result in a dust disk with an equilibrium mass
of collision products of 10'*~10?° g for accreting white dwarfs.

In the case of WD 21494021, the Ca abundance inferred by
Koester (2009) implies a mass accretion rate M = 2x10"gs ™!
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assuming a bulk Earth composition. K17 found that the
equilibrium mass (M,.q) for a collisional cascade at the tidal
disruption radius (a) of a white dwarf should be

Md,eq ~7 X 1018 g( léw 1) (0.6M®)
10 gs” Mwp
ry |14 0 i
X
(lkm) 33gcm™3

4 1 %
X(O.OI)S( Aa )2 a s> 1 km, 5)
e 0.2a R

where r, is the characteristic size of the input bodies, p is the
average density, and e is the eccentricity of the disk. The output
gas accretion onto the white dwarf is then equivalent to the
influx of mass into the disk in a steady state (Kenyon &
Bromley 2017a). For a collisional ring of bodies roughly at the
tidal disruption radius M, =7 x 10" g assuming r, = 1km.
Interestingly, this also corresponds to just above the accretion
rate predicted to show infrared excess assuming late-stage dust
accretion from highly eccentric asteroids, an extension of the
simulations done in K17 (Brouwers et al. 2022).

Similar to Equation (3), we can estimate limits to unresolved
dust-emitting areas (Aq,s) Where we calculate a new equili-
brium temperature for dust grains instead of planetary surfaces.
Aguse €an be converted to a limiting radius, corresponding to
FaustT=100K) = 0.65 R, and rg,(T=1300K) = 0.6 R
given our 21 pm 30 upper limits.

We assume any dust present is primarily made up of
silicates, and we use an empirically derived set of optical
constants for Galactic Dust often used to model debris disks
(Draine 2003). We assume all the dust has a singular size
re=1 ym. We use the Planck-averaged estimates for an
emission cross section Q.,s(7, a) given by Draine (2003)
for the relevant grain size and we assume a density (p) of
3.3 g cm . Between dust temperatures of 100 and 1300 K,
Q.os(T, a) ranges from ~0.1 to 0.4, respectively, while
Qaps(T, a) ~ 0.1 for 10 um grains. These quantities allow us
to calculate an upper limit to the dust mass (Mgys):

Mause = pAdust . (6)

_4
3Qubs(T)

Figure 9 shows our inferred dust mass upper limits with the
above assumptions compared to a few different scenarios. First,
we compare to the predicted equilibrium disk masses predicted
by K17 (solid lines) in Equation (5) assuming disk radii from
1 Rwp to several tens of R,, well outside the expected Roche
radius (~Rp).

If K17’s predictions were correct, then we should have easily
detected the dust with our MIRI observations. One caveat is
that this assumes the dust is primarily in small grains, rather
than locked up in larger bodies. To account for this effect, we
can modify the mass limits by the mass ratio of small dust
grains to larger dust grains/bodies assuming a pure collisional

. . . . . . Ty "
size distribution, which is ~| ™=

Temin=1 pm and 7, nay is either 15 or 100 km. In this case, the
total mass in 1 pum grains is small enough to remain
undetectable by MIRI exterior to 10 and 2 R for cascades
fed by 1 and 100 km bodies, respectively.

0.5
, where we assume
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Figure 9. Dust emission limits estimated for WD 2149+021. The solid black
line shows the estimated MIRI dust mass limit assuming a mass in 1 gm grains,
derived from the F2100W upper limits to a flux excess. The yellow line
corresponds to the total mass accreted by WD 21494021 in the time it is been
known to possess Ca metal absorption lines. The solid blue and red lines
represent the expected equilibrium disk mass of dust assuming a steady-state
collisional cascade (see Equation (5)) for typical planetesimal sizes of 100 km
(blue) and 1 km (red)). The dashed lines are the expected masses in 1 ym
grains only.

We also compare our expected mass limits if we assume that
the total amount of mass in 1 yum grains is equivalent to the last
14 yr of accretion (orange line in Figure 9). This is the total
length of time that WD 21494021 has been observed to be
actively accreting rocky material. Again, we would have easily
detected that amount of dust, as our limits are a factor of >20
more sensitive interior to the Roche disruption radius.

Our MIRI observations demonstrate that a large survey of
DAZ, DBZ, or DZ stars should be sensitive to very small
amounts of dust, and that for accretion rates > 108 g sfl, JWST
is very sensitive to low-luminosity dust excesses.

4.5. Limits to Tidally Heated Exomoons

We also consider the detectability of tidally heated
exomoons that orbit giant planets around WD 2149+021 and
how that might impact candidate companions. Analogs to the
Jovian moon Io might be tidally heated by very cool giant
planets (Peters-Limbach & Turner 2013). In this scenario, the
moon has some fraction of its surface covered by volcanic
activity at high T, with potentially enough short-wavelength
emission that it appreciably modifies the F2100W /F560W
color of a planetary companion (Figure 10).

In Section 4.1, we relied on the very red predicted colors of
giant planets to help identify possible planet candidates. We
show below that this might be complicated if large tidally
heated moons are common around white dwarfs. The predicted
emission of tidally heated exomoons is presented in other
works that consider both the possible average luminosity from
tidal heating or fractional coverage by hot spots (Peters-
Limbach & Turner 2013) with a longevity which in principle
could last for billions of years (Rovira-Navarro et al. 2021),
depending on the moon’s size and orbital configuration.

Recently, Io was observed with JWST/NIRSPEC, and the
mid-infrared emission was consistent with a combination of
temperatures and emitting areas ranging from 7= 1500 K and
2% 10%cm? to T=300K and 1.6 x 10'* cm? (de Pater et al.
2023). The combination of all the components creates a
spectrum that peaks at 17 pum, approximating a single black-
body spectrum with a Ty~ 320 K and emitting area with an
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Figure 10. F1500W flux vs. F2100W /F560W flux ratios for the field point
sources in the field surrounding WD 2149+021. We compare these objects to
the expected colors and fluxes for two planets (2 My, and 5 My,;,) that have
1 R, tidally heated exomoons with varying coverage fractions of 1500 K hot
spots. Significantly heated moons can potentially change the observed position
of a Jovian planet candidate in this plot by having an excess of shorter-
wavelength emission.

equivalent area of 1.5 x 10'* cm?. At 22.4 pc, Io would have a
flux density in F1500W of ~0.02 nJy, 4 orders of magnitude
below our F1500W detection limits. At the given temperature
and distance of WD 2149+021, detectable moons would need
emitting areas 5 times larger than the radius of Io, and
equivalent to a moon with R =1.36 R,

Since the population of exomoons is poorly known, we take a
simple approach that qualitatively illustrates the issue that a warm
or hot exomoon poses: We calculate the emission of an Earth-
radius moon with a fractional coverage of 1500 K hot spots relative
to the WD 21494021 field point sources, and combine its mid-
infrared emission with two 3 Gyr planets with different masses,
one with 2 My, and the other with 5 My,;,. We then determine how
much of the surface must be covered in hot spots to appreciably
alter the color of these planets in the observed MIRI filters.

The effect of a giant planet having a moon with significant
short-wavelength emission is to make the apparent flux ratio of
F2100W /F560W less red, complicating the exclusion of sources
with F560W detections. Whether large, tidally heated moons are
common enough to significantly contaminate planetary searches
around white dwarfs is an open question, but the fact that these
systems must be experiencing some dynamical perturbations
suggest that it might be more frequent than around main-sequence
stars. Our deep MIRI observations, particularly at FISO0W, are
sensitive enough to start placing upper limits on the presence of
large tidally heated moons in orbit around giant planets, and
reinforces the need for common proper motion tests to identify
bound companions to white dwarfs in the mid-infrared.

5. Conclusion

We have presented the first multiband photometry of
WD 21494021 taken with the MIRI imager early in JWST’s
operational lifetime. To search for resolved sources, we
performed a grid search within 2”5 of WD 21494021, and to
search for extremely widely separated candidates, DAOFIND
was used to detect round, resolved sources over the entire
detector. To search for unresolved companions, we compared
against available ultraviolet/visible/near-infrared /mid-infrared
photometry to determine if our observations show an infrared
excess. This analysis did not identify any compelling candidates,
placing limits on resolved companions of ~0.5 My, outwards of
17263 and ~1.0 My, at the innermost radius (07 654). Limits on
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unresolved companions were found to be 2, 4, and 7 My,
corresponding to the youngest, median, and oldest total WD
ages, respectively.

This is the most sensitive search for cold planets around white
dwarfs ever conducted, reaching sub-Jupiter sensitivities for the
first time. While this is an extremely exciting advancement in
exoplanet detection capabilities, a nondetection around WD 2149
4021 introduces uncertainty regarding the origin of its pollution.
One explanation for this is the existence of a smaller exoplanet,
currently undetectable but capable of perturbing planetesimals
with high efficiency. Frewen & Hansen (2014) predict single
planets with masses < 0.03 My, in highly eccentric orbits (e >
0.40) are the most efficient perturbers, while Veras & Rosengren
(2023) find that 10 sub-terrestrial-mass minor planets (1-10 M¢
~0.01-0.1 M) are sufficient in producing consistent pollution.
Another possibility is some secondary pollution mechanism
which does not require an exoplanet, as the diversity of the
polluted white dwarf population makes a universal model
somewhat unrealistic (Veras & Rosengren 2023). Mullally
et al. (2024) did succeed in finding two promising candidates
around white dwarfs observed in this program, which supports
the continued interest in planets as perturbers.

Recent discoveries of white dwarf exoplanets (Sigurdsson
et al. 2003; Luhman et al. 2011; Génsicke et al. 2019;
Vanderburg et al. 2020; Blackman et al. 2021) demonstrates
that some planets are in close orbit and thus may survive their
hosts’ evolution, however more observations are necessary to
constrain the occurrence rate of these planets as well as their
properties. It should be noted that improvements to the absolute
flux calibration of the MIRI detector (we assume 3%, but
eventually it may reach 2%) will improve our unresolved mass
limits. Finally, the accuracy of planet mass sensitivities
reported in this paper is limited by the accuracy of current
exoplanet models, which do not focus on modeling at cold
effective temperatures. Comparing against solar system objects
such as Jupiter is a useful check for these planet models, but
does not account for our system being ~1.6 Gyr younger.
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