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Complementary planetary spectroscopy probes of dark matter
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We investigate dark matter (DM) interactions via spectroscopic signatures of energy injection in
planetary environments. We develop a general framework to account for how DM energy injection signals
depend on the DM spatial distribution, planetary structure, and DM energy deposition profile. We combine
UV airglow data on the Solar System’s gas giants from the Voyager and New Horizons flybys and
ionospheric measurements from AMS-02 and ELFIN CubeSat on Earth, with internal heat flow data from
Cassini, Voyager, and terrestrial boreholes, to constrain DM-nucleon scattering across both heavy and light
mediator scenarios. We show that Earth, gas giants, and ice giants probe complementary DM masses and
mediator properties and forecast the reach of a free-floating Super-Jupiter. These results establish planetary
spectroscopy as a powerful and versatile probe of the dark sector, complementary to direct detection,

cosmology, and collider searches.
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From swirling storms to faint nightglow, planets are
shaped by the energy that moves through them. Long after
the last sunlight fades, planets continue to glow with their
own subtle signatures, offering clues about the processes
unfolding within their atmospheres and cores. The quest to
understand the origins of these signals has driven decades
of study, resulting in rich, multiwavelength datasets on
planetary atmospheric spectra and internal dynamics.

While many planetary emissions are well understood
through known atmospheric and internal processes, new
physics, such as dark matter (DM), can also leave imprints
in these datasets. DM can scatter off planetary constituents,
lose energy, and become gravitationally captured. If the
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captured DM subsequently annihilates, the resulting sig-
natures fall into two broad classes: (1) direct detection of
the annihilation products, from electromagnetic sources
[1-31] or neutrinos [9,28,29,32-58], and (2) indirect sig-
nals from the energy deposited into the planetary system,
measured through planetary spectroscopy. These include
the most commonly studied scenario of DM annihilation
heating [59-119], as well as more recent ideas including
ultraviolet (UV) airglow [120] and HJ ionization [121].
In our companion Letter [120], we introduced a new
signature—UYV airglow induced by DM—and demonstrated

FIG. 1. Jupiter, Saturn, Uranus, Neptune, and Earth with
isotropic UV airglow (green) and polar aurorae (magenta), and
internal heating (red arrows). Relative planetary sizes are to scale.
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its potential for testing DM-nucleon scattering. If DM
annihilation produces Standard Model (SM) particles in the
atmosphere, these can excite molecular hydrogen, leading
to deexcitation via UV photon emission. Using nightside
UV measurements from space probes such as Voyager
and New Horizons, we showed that the Solar System’s
giant planets can place unprecedented constraints on the
DM-nucleon scattering cross section. We also demonstrated
that future UV observations of a nearby Super-Jupiter
could significantly enhance this sensitivity. That analysis
assumed that all DM annihilation products deposit their
energy in the atmosphere.

In this work, we broaden the framework to demonstrate
the versatility of planetary energy-injection signals in
probing the particle nature of DM, and emphasize the
critical complementarity provided by different planetary
systems. We focus on the interplay of indirect signals (class
2 above), as they are among the least model dependent;
they require only that annihilation products deposit suffi-
cient energy into the planet, and are otherwise insensitive
to branching ratios or spectral distortions from mediator
cascades [122]. In particular, we focus on the interplay of
two key observables, UV airglow and interior heating,
schematically depicted in Fig. 1. We do not consider Hy
ionization since it applies only to Jupiter and Jupiter-like
planets due to their unique atmospheric properties [121].

Interpreting these energy-injection signals requires
understanding where and how DM deposits its annihilation
products within the planet. In particular, the location and
amount of energy deposition are determined by three key
factors:

(1) the DM radial density and temperature distribution

within the planet,

(2) the proximity of energy deposition by DM annihi-
lation products with respect to the annihilation
site, and

(3) the planet’s internal structure—specifically, its SM
radial distribution of density, temperature, as well as
composition.

The DM distribution (1) and the displacement of annihi-
lation products (2) are both governed by the underlying
particle physics model. In particular, DM will settle into a
different equilibrium distribution if it is lighter or heavier,
as well as if it interacts strongly or weakly. Similarly,
whether annihilation products are injected locally or at a
displaced location is determined by the mass and lifetime of
the mediator: a heavy or short-lived mediator decays near
the annihilation site, while a light or long-lived mediator
may transport energy over a macroscopic distance before
decaying.

These considerations underscore the importance of
planetary diversity for DM detection. Variations in plan-
etary structure (3) alter where captured DM settles and
annihilates, while differences in planetary radii determine
which mediator decay lengths are most effectively probed.

By taking all these effects into account, we demonstrate
that the ensemble of Solar System planets, as well as large
and dense Super-Jupiters, each with distinct properties,
provides a uniquely powerful and complementary platform
for exploring the dark sector.

This paper is organized as follows. In Sec. I, we review
the accumulation of DM in planetary environments, detail-
ing the capture process, annihilation, and evaporation, as
well as the resulting radial distribution of DM. In Sec. II,
we introduce the two indirect signatures investigated in this
work—anomalous UV airglow and internal heat flow—and
discuss how DM annihilation can modify these observ-
ables. Sections III and I'V present results for two benchmark
scenarios: DM annihilation via a heavy mediator (with
respect to the center-of-mass energy), resulting in prompt
energy deposition, and annihilation via a boosted or long-
lived mediator, producing displaced energy injection. We
compare the sensitivity of different planets in each case,
highlighting their complementary reach. Finally, we sum-
marize our findings and discuss future directions in Sec. V.

I. DARK MATTER ACCUMULATION IN PLANETS

DM can accumulate in planets by scattering with their
constituents, losing energy, and becoming gravitationally
captured. The accumulated DM particles may annihilate,
producing detectable signals, and can come into an equi-
librium between capture and annihilation. If DM is too
light, it can escape the gravitational field of the object due
to thermal kicks from the SM matter, i.e., it can evaporate.
The DM number N, within each planet can be obtained
through the differential equation,

dN

where Ceyp, Canps @and Cey,p, are the capture, annihilation,
and evaporation rates, respectively; we detail each con-
tribution in the subsections below.

A. Capture rate
The DM capture rate can be approximated as [52,77]

8 p 32
Cop = 7R\ [ Ly (14255 ) o (2
p =7 37rmlv}( * 202 Fea 2)

where p, = 0.4 GeV/cm?® is the local DM density, v, ~
270 km/s is the local DM velocity dispersion [123], m,, is

the DM mass, R is the planetary radius, v, = /2GM/R
is the escape velocity at the planetary surface for planetary
mass M, where G is the gravitational constant, and f,, is
the fraction of captured DM particles, which scales with the
scattering cross section and DM mass. For simplicity, we
neglect the planet’s motion relative to the DM halo, as it
introduces a minor correction. We use Asteria to calculate a
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given planet’s capture rate [124,125], which incorporates
regimes where DM is captured after a single or multiple
scatters and includes the reflection of light DM.

The scattering rate for capture depends on the planetary
composition, as detailed in Appendix A. For spin-
independent interactions, the scattering cross section is

/42

SI _ FxN 42 s1

oN = W Aoy, (3)
2

where u,y and u,; are the DM-nucleus and DM-nucleon
reduced masses, respectively, and A is the atomic mass
number of the target nucleus.

Spin-dependent DM-SM scattering is given by

pon 4(J + 1)

6;13 = /AL)%T <S{P’”}>20)§?p,n}’ (4)
where (Sy, ) is the expectation value of the spin of the
proton or neutron within the nucleus [126] and J is the spin
of the nucleus. We consider the case where the proton
interactions are turned on separately from the neutron, each
under the assumption that the other is negligible.

B. Radial distribution

Following capture, DM can thermalize with the planetary
interior either locally or globally. The equilibrium distri-
bution of DM is determined by the interplay between the
gravitational potential, SM temperature, and the DM
scattering cross section and mass. When the mean free
path of DM is short compared to the planetary radius,
corresponding to large cross sections, the DM remains in
local thermal equilibrium (LTE) with the planet. In this
regime, the DM temperature distribution is similar to the
planet’s thermal profile. Conversely, when the mean free
path is long, corresponding to small cross sections, DM
particles interact infrequently, typically scattering once or
less per planetary crossing. In this limit, the DM temper-
ature distribution becomes approximately isothermal and
no longer traces the internal temperature gradient of the
planet. This temperature dependence is important for the
density distribution for DM, which we now discuss.

1. Long mean free path regime

In the isothermal regime, the radial density profile njfo(r)
is given by [105,127-129]

nse(r) « e UIT, (5)

where VU(r) = —m,g(r) is the gradient of the gravita-
tional potential energy, with ¢(r) the modulus of the
gravitational acceleration at distance r from the center of
the planet. We take

T(0) + T(min(r,, R))
. (6)

iSO __
T)° =

as the isothermal DM temperature, where T(r) is the
planet’s temperature distribution, and r, is the DM scale
radius, given by
37(0) 1/2
r=\smn) (7)
22Gp(0)m,

where p(r) is the planet’s SM density. To encompass all
scale radius scenarios, we take the minimum between the
scale and planet radii in defining the temperature. The
temperature and density profiles we use are outlined in
Appendix A. For simplicity, we have assumed the iso-
thermal temperature is the average of the scale radius and
core temperature. This is because the DM temperature is
somewhere between the temperature at the scale radius and
the core temperature upon closer analysis [130,131], and in
contrast to the original work of Ref. [127].

2. Short mean free path regime

In the LTE regime, we determine the DM radial density

profile n;'5(r) by solving the differential equation given

by [131-135]

Srogt )+ 0

where k ~—1/[2(1 + m,/mgy)¥?] is the diffusion coef-
ficient [134], with mg,; being the SM target mass. For
simplicity, we do not account for DM particles that have not
yet fully thermalized and are in the process of slowing
down within the planet [134,136—142], which would only
enhance the DM signal.

3. Treatment of the dark matter atmosphere

To model the radial distribution of DM in the atmosphere
of the planets, we adopt an additional isothermal model.
Since the SM density in the atmosphere drops severely,
atmospheric DM is not in local equilibrium with the
rarefied gas, even at the largest cross sections we consider.
Indeed, for example, in Earth’s planetary atmosphere it is
well known that above a certain height, the density of SM
gases is low enough and the temperature constant enough
that the dynamics are best described by an isothermal layer,
see e.g. Refs. [143,144].

For weak cross sections, the DM profile is already
1sothermal, and so the treatment above is sufficient as is.
However, for large cross sections where the DM is in LTE
inside a given planet, its radial distribution is taken to be
an isotherm in the atmosphere with a temperature that is set
to be the temperature at the surface of the planet. The
modified atmospheric distribution for the interior LTE and
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atmospheric isotherm is taken to be

nLTE(r), r<R 9
) = RLTE(R) x ~(W-UR)/TR) 5 R ®

There is the additional question as to where the edge of
the DM atmosphere extends. Accumulated DM particles
can temporarily be located outside of the planet, and even
outside of its atmosphere, while remaining gravitationally
bound. We account for these particles in the radial distri-
bution and define a mass-dependent maximal radius,

GMm,

Ty

(10)

Rmax =

where the thermal velocity vy becomes larger than the
escape velocity. We take T, = T)i(SO for the isothermal
regime and 7, = T(R) for LTE. In practice, we truncate
the curves at a radius of either R ,,,, or once the DM density
drops two orders of magnitude with respect to the DM
surface density, as it is more numerically stable and any
smaller DM density contributes negligibly to the rate.
Instead of taking the treatment above, it is also possible
to simply truncate the DM profiles once the SM profile
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data end. In our parameter space which yields observable
signals, we find such an approach provides comparable
(within ~10%) results.

4. Comparison of regimes

To compare the DM distribution across different planets
and DM masses, we define the normalized DM radial
profile G,(r) by [49]

_ () Vi
Gy (1) 4r f(f‘“'“ dr'rn,(r') 7 (1)
where V... is the planet’s volume up to R,..

Figure 2 shows the normalized LTE and isothermal DM
radial profiles, assuming DM masses of 0.5 and 5 GeV. The
lighter the DM mass, the flatter the profile, with further
profile extent toward the atmosphere. Heavy DM, on the
other hand, tends to concentrate near the core. For the LTE
profile, the peak observed at the boundary between the
interior and atmosphere is due to the temperature reaching a
minimum while the density of atomic elements remains
relatively large, enhancing the probability that DM remains
in a trough between the hotter interior and upper atmos-
phere. The isothermal distribution, on the other hand, does
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FIG. 2. DM radial number density profile in the Solar System planets and a Super-Jupiter as labeled, normalized to the planets’
volume, for DM with a mass of 5 GeV (top) and 0.5 GeV (bottom). We show profiles for DM that has a large cross section and so
thermalizes with its local environment in the interior, called the local thermal equilibrium (LTE) regime (left), and profiles for DM that
has a small cross section and so gravitationally orbits many times between scatters and thermalizes with the planet as a whole, called the
isothermal regime (right). The distance to the planets’ cores is normalized by each planetary radius; values above 1 indicate the
atmosphere, which have different extents for different objects; see text for details.
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not depend on the local temperature, and therefore is not
enhanced at the interior-atmosphere boundary. We define
the interior-atmosphere boundary R to be the planet radius
where the pressure drops to 1 bar. In Fig. 2, Earth is not
shown for the 0.5 GeV DM mass isothermal case, as it is
not well defined, with a scale radius extending outside
the planet; in practice this parameter space is never reached
due to evaporation. For each of the planets, the transi-
tion between the LTE and isothermal regimes occurs
around approximately {1,3,50,40,60,0.1} x 1073 c¢m?
for Jupiter, Saturn, Uranus, Neptune, Earth, and Super-
Jupiter, respectively. For a given planet, we therefore refer
to “large” cross sections as above this number, and “small”
as below.

5. Transition between regimes

The results for the regimes above apply to the limit of
large or small cross sections.

For intermediate cross sections, the profile is a combi-
nation of the two. In this transition regime, we combine
these distributions by taking [105]

n, (r) = f(K)n; "5 (r) + [1 = f(K)]mo(r).  (12)

FK) =1 - (1 + (%) 1/g>_1, (13)

where Ky = 0.4 and ¢ = 0.5 are free best-fit parameters
based on simulations in the Sun [105]; similar results have
been used for other objects [135]. This blends the distri-
butions of the two limiting regimes depending on the
Knudsen number, K, a ratio of the mean free path to the
scale radius, which is given by

with

K="= (14)

where the mean free path of the DM is

() = (Strio) (15)

N

where ny(r) is the SM number density at radius r.

6. Advective effects

When the cross section between DM and SM particles is
very large, the DM profile may also be affected by
advection. To determine when this is relevant, we compare
advection with the diffusion timescale. For light DM, we
take the diffusion timescale to be [134]

Rzl’lSMG N
Thif = — P (16)
Uth

where we use the volume-averaged planet temperature and
density and mgy; from Table III. We assume the advection
timescale 7,4, is 100 years in the interior of giant planets,
and one million years in the Earth [134]. For the DM
profile calculation above to remain unimpacted, we require
Tair < Taqy- Over the DM mass range we consider, we find
that cross sections below 1072® ¢cm? in the giant planets and
1072* cm? in the Earth satisfy this constraint. For larger
cross sections, we do not implement advection, but its
effect should be kept in mind as an uncertainty in such
regions.

While advective timescales can be much faster than
quoted above in the atmospheres, this does not significantly
perturb the DM distribution. The atmospheric gas itself
follows an adiabatic temperature profile, but the DM
population maintains an approximately isothermal equilib-
rium profile, characterized by the local temperature. As
long as DM’s mean free path is not shorter than the scale
height of the atmosphere, which is satisfied for our
parameter space, advection in the atmosphere does not
appreciably modify the DM density profile.

C. Annihilation rate and equilibrium with capture

Once the DM is captured and thermalizes into the radial
profile, it can annihilate. As per our companion Letter,
we use [120]

Fan = m)(N}(Cann’ (17)
where the annihilation rate is given by

1

Cann = V2
max

/V Wulon)Gi). (19)

and (ov) is the thermally averaged annihilation cross
section.

For detectable annihilation signals, DM evaporation
must be negligible. In this case, the solution to the differ-
ential equation in Eq. (1) is given by

C 1/2 t
N, (t) = (—P> tanh <—> (19)
“ Cann teq

where the characteristic equilibration timescale for capture
and annihilation 7. is given by

1
fog = . (20)
! CcapCann

After equilibration between the capture and annihilation
rate, the number of accumulated DM particles is constant
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and given by

Cca 1/2
N, (12 1) = (c p) . (21)

We assume capture-annihilation equilibrium. This can be
verified directly by ensuring that the equilibrium timescale,
defined in Eq. (20), is shorter than the age of the planet.
We find that equilibrium is reached in the majority of our
parameter space for the case of s-wave annihilation. It is
also largely reached for p-wave annihilation for signals in
the Super-Jupiter, but only for somewhat larger cross
sections for local planets. We discuss this further in
Appendix B.

For large thermally averaged annihilation rates, the DM
radial density profile can also change compared to the
equilibrium calculation performed above. Using Eq. (21) to
determine a DM annihilation timescale, and comparing
with the advection and diffusion timescales listed above,
we have checked that for both s-wave and p-wave annihi-
lation rates the equilibrium density distribution is not
impacted in our considered parameter space.

D. Evaporation rate

In the process of DM evaporation, DM particles with
sufficient kinetic energy escape the planet’s gravitational
potential. As with capture, we assume contact interactions
between the DM and SM (long-range interactions instead
can yield different results [129]). We adopt a DM evapo-
ration rate given by [129,145,146]

Az

VmaxA T drPs(r)G(néE(ni (). (22)

Cevap =

Here & is the evaporation function, which is a velocity-
weighted measure of the number of DM particles with
kinetic energy exceeding the local gravitational potential
energy, and is given by

£(r) = 3(r) e IU)/TO) (23)

with 7 =
ability is

8T(r)/(mm,). The approximate escape prob-

5 =g i) (3 = 1) | min( ). 24

and 7 is the opacity given by

n(r) = [Rmax dr’ﬂ;l(r’). (25)

DM evaporates rapidly from the planet when the evapo-
ration rate in Eq. (22) satisfies

Cevap > CcapCann' (26)
Once the DM mass is sufficiently light the evaporation rate
rapidly increases. Therefore, this condition serves as an
approximate “cutoff” for low DM-mass sensitivity.

Equation (22) gives the full evaporation rate valid for all
cross sections where the planet’s entire volume contributes
to the final rate. However, for increasingly large cross
sections, the most likely evaporation shell becomes increas-
ingly thin and rises toward the surface, making Eq. (22)
computationally inefficient. Therefore, at large cross sec-
tions (i.e., above the object’s transition cross section), we
use the Jeans framework, which instead assumes that DM
always evaporates from the surface of last scattering, one
mean free path below R. We adopt the Jeans evaporation
rate [144,147,148]

[OFN)
Cgvap = N—JX ’ (27)
where S is the surface area of the planet. The Jeans flux ®;

given by

@, = s Iss ()4 Vo) iy (ag)
J 2”1/2 U%SS ’

where rygg is the radius of last scattering given by
n(russ) = 1, (29)

and v;gg = /2T ss/m, is the most probable thermal
velocity at the last scattering surface. We enforce a maxi-
mum rygg equal to R, the radius of the object, since we
assume that the DM becomes isothermal in the atmosphere
in the large cross section regime. Finally, we set the evapo-
ration mass limit for Eq. (27) using the same condition
in Eq. (26).

II. PLANETARY SPECTROSCOPY AND ENERGY
DEPOSITION SIGNALS

We study two indirect signatures of energy deposition in
Solar System planets and Super-Jupiters: UV airglow from
atmospheric excitation and excess internal heat, both
detectable via planetary spectroscopy. Table I summarizes
current measurements for UV airglow and internal heat
across Solar System planets and projections for a bench-
mark Super-Jupiter. We first review known contributions to
these observables and the datasets across planet classes,
then assess potential signatures from DM annihilation.

Our analysis assumes DM annihilates into visible SM
particles, i.e., those that deposit energy before escaping the
planet, such as charged leptons or hadrons, and neglects
neutrinos. If some DM annihilation is to neutrinos, results
can be rescaled by the visible branching ratio.
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TABLE L
hypothetical massive Super-Jupiter.

UV night airglow/electron precipitation and internal heat flux of the Solar System gas and ice giants as well as Earth and a

UV airglow Internal heat
Pobserved (11 W /m?) Probe References Ppobserved (W /m?) Probe References
Earth 0.05 AMS-02, ELFIN [149-152] 0.092(4) Boreholes [153]
Jupiter 0.3 1j8‘-11§ New Horizons [154] 7.485(160) Cassini [155]
Saturn <1 Voyager 1 [156] 2.84(20) Cassini [157]
Uranus 4.6 Voyager 2 [158] 0.042(47) Voyager 2 [159]
Neptune 1.9+03 Voyager 2 [158] 0.433(46) Voyager 2 [160]
Super-Jupiter <1.25 CR background [161] 459 ATMO model [162]

A. Review of UV airglow and datasets

On the dayside of planetary atmospheres, high-energy
solar radiation ionizes atoms and molecules. The resulting
electrons and ions precipitate and excite atmospheric
species, producing UV emission known as UV dayglow.
Although both ions and electrons can contribute, the UV
emission is primarily driven by electrons [163]. After dusk,
the drop in solar ionizing flux allows charged particles
to neutralize or deplete, causing the UV nightglow to be
several orders of magnitude dimmer. These emissions,
collectively termed airglow, provide a sensitive probe of
energy deposition in planetary atmospheres and can reveal
nonstandard energy sources, such as DM annihilation.

We define the edge of the region of the atmosphere
where energy deposition can produce UV airglow by the
exobase height /., measured from the planetary surface.
The exobase marks the lower boundary of the exosphere—
the outermost atmospheric layer—with values provided
in Appendix A. The corresponding atmospheric radius is
then R, = R + heyo-

1. Gas and ice giants

Space probes such as Voyager 1, Voyager 2, and New
Horizons have obtained UV nightglow spectra of the gas
and ice giant planets away from their polar auroral regions.
Our analysis of the Solar System giant planets focuses on
the excitation of the Lyman and Werner bands of molecular
hydrogen (H,), which dominate far UV emissions and
contain minimal background contamination within the
Solar System. The contribution from the Lyman and
Werner bands has been extracted and converted into a
physical brightness in rayleighs (R) by comparing these
observed spectra with laboratory reference H, spectra.

To convert the UV airglow brightness into an equivalent
precipitating power, we adopt a commonly used conversion
factor of approximately 10 R per 1 puW/m? for electrons
[164—-166]. More recent studies indicate a weak corre-
lation between brightness and mean precipitating electron
energy, though the relationship is highly model dependent.
For instance, an electron energy flux of 1pW/m? could
correspond to 14.6 R for 20 keV electrons or 7.8 R for

200 keV electrons [163]. Given the moderate, model-
dependent brightness changes, we adopt the conversion
factor of 10 R per pW/m? of equivalent ionizing power.

2. Earth

Earth’s atmosphere differs markedly from those of the
giant planets due to its much lower hydrogen content.
Nonetheless, a UV nightglow has been observed, e.g. by
the Universitetskii-Tatiana satellite [167]. Thanks to the
wealth of experiments in the Earth’s upper atmosphere, the
precipitating electron energy flux can be directly measured,
for example using CubeSats [149] or the AMS-02 experi-
ment onboard the International Space Station located in low
orbit [150-152,168—-173]. Moreover, both CubeSats and
AMS-02 are able to distinguish electrons from protons
[149,150], and AMS-02 can measure the positron spectrum
independently from that of the electrons, e.g. Ref. [169].

The fluxes and spectra of upward and downward elec-
trons and positrons are nearly identical [150]. We model the
equivalent ionizing power by considering upward-going
positrons, which are the closest analogs of DM annihilation
products, i.e., annihilation products should be globally
charge neutral and should contribute half of their energy
to the positron spectrum. The ionizing upward-going
electron spectrum is modeled by extending the spectrum
observed by the ELFIN CubeSats (which only cover the
range 0.05 to 5 MeV) via an interpolating power law to
match the AMS-02 data to cover the range 30 keV up to
100 GeV. This results in a total electron ionization power of
~0.5 pW/m?. Since the positron to electron ratio is ~10%
across the energy range [169—171], the maximum contri-
bution of any additional source of equal parts positrons and
electrons is 0.05 pW/m?.

3. Local free-floating Super-Jupiter

To investigate an exoplanetary scenario, we use a
benchmark free-floating Super-Jupiter; free-floating targets
will be optimal due to their lower backgrounds. The main
origin of UV airglow in this case is not stellar, but rather
from cosmic-ray electrons precipitating in the atmosphere.
We calculate the expected electron energy flux with
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energies above 15.4 eV (the ionization energy of H,) for a
local free-floating Super-Jupiter by integrating the inter-
stellar cosmic ray-electron spectrum from Ref. [174]. We
choose a local Super-Jupiter, rather than a distant one in a
higher DM density environment, as UV airglow is difficult
to measure at large distances due to dust extinction.

B. Dark matter induced UV airglow

As pointed out in our companion Letter [120], precipi-
tating electrons from DM annihilation can generate anoma-
lous UV airglow in planetary atmospheres. To quantify
the effective DM-induced power injected into the atmos-
phere, we express the precipitating power from DM
annihilation as

pDM _ Iﬂann X f atm X f dep
atm —
o 4nR?

, (30)

where f,., is the fraction of annihilation events injecting
energy directly into the atmosphere, I, is the annihilation
rate defined in Eq. (17), and fg, is the fraction of the
injected energy that is deposited through collisional proc-
esses capable of exciting atmospheric molecules. In con-
trast with our companion Letter [120], here we do not
assume [, ~ 1, and instead explicitly compute it for a
wide range of models. This f, parameter depends on the
type and energy of particles produced by DM annihilation.
We focus on the energy of annihilation events rather than
the specific energy spectrum of the precipitating particles,
as the excitation threshold is orders of magnitude lower
than the peak of the annihilation spectrum, such that
effectively all of the annihilation energy is available to
excite the molecules.

To constrain the DM-induced airglow power PLM,
Eq. (30) can be compared directly to the equivalent ionizing
precipitated power derived from the UV airglow brightness
observed in the giant planets and Earth. We also set
projected sensitivities for the case of a nearby free-floating
Super-Jupiter which would be irradiated by cosmic-ray
electrons. Using the power derived from direct observations
Ppobserved presented in Table I, we impose the condition

PR < pene, (31)

In comparing with the observed powers from Table I, our
assumption is that the relationship between emission
brightness and power injection is the same for both DM
annihilation and astrophysical electron precipitation.

For Earth, we set f4, =1, as the comparison is
performed using direct measurements of precipitating elec-
trons and positrons. For the giant planets and the Super-
Jupiter case, the annihilation products are not directly
observed and instead lead to a UV airglow, and we therefore
evaluate fg., as a function of the annihilating DM mass
using the stopping power of electron in hydrogen using the

ESTAR database from NIST [175], the main constituent of
the giant planets’ atmosphere.

C. Review of internal heat flow and datasets

Internal heat in planets can be indirectly measured using
the planet’s infrared (IR) spectrum. This measurement
could be sensitive to new sources of energy deposition,
such as DM annihilation products.

1. Gas and ice giants

In the giant planets, the internal heating is estimated by
evaluating the photon power absorbed by the planet. This is
done by considering the photon power incident on the
planet, and measuring the planet’s Bond albedo (the frac-
tion of scattered light), using optical instruments. The
effective temperature of the planet is obtained via infrared
measurement, and the net internal power is given by the
difference of the observed effective power and the incident
solar power [176].

The first accurate estimates of the gas giants’ internal
heat were done by Voyager 1 and 2 [159,160,177,178].
More recently, the Cassini mission provided higher-
precision data for Jupiter and Saturn, benefiting from
improved instrumentation and a wider range of observation
angles and wavelengths [155,157].

2. Earth

On Earth, several techniques are used to measure the
internal heat. Oceanic and continental boreholes are used to
directly measure the temperature without the influence of
variation in the Earth’s surface temperature, from e.g. day-
night variance [179]. We use recent results which take into
account effects from the local environment, i.e., matching
the local geology to the heat flow measurement, which
incorporates heat absorption of local rocks [153].

3. Super-Jupiter in the Galactic Center

We adopt the internal heat flux of a 10 Gyr Super-Jupiter
from the ATMO model [162]. We take this benchmark to be
free-floating at 0.1 kpc from the Galactic Center, such that
it is not irradiated by a star and its internal heat is a remnant
from its formation.

D. DM-induced internal heat flow

DM annihilation can inject energetic particles into
planetary interiors which can very quickly deposit energy
in their surroundings, generating anomalous heating. The
total DM-induced internal heat flow power is

DM_Fananint

int 47TR2 ’ (32)

where f;, is the fraction of annihilation events that deposit
energy into the planetary interior. Since modeling the
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detailed interior dynamics of planets is complex, we set
conservative calorimetric limits by requiring that DM
annihilation inside the planet must not contribute more
thermal energy than what is observed flowing out of the
planet’s surface. This gives the constraint

PDM < Piorhserved’ (33)

nt

where Pobserved g the observed internal heat flow from the
planet, presented in Table I. If DM were to produce more
heat than what is observed, it would result in anomalous
internal heating, offering a detectable signature of DM
interactions within planetary interiors. Recent work also
considered the impact of DM heating on Earth’s core
itself [93], which we conservatively neglect.

We also investigate the DM-induced anomalous heating
of a free-floating Super-Jupiter located at 0.1 kpc from
the Galactic Center. We estimate the DM density at this
location by making use of the generalized Navarro-Frenk-
White profile [180] with y = 1.5, resulting in an enhance-
ment of the DM density with respect to the local value by a
factor of ~1500. We conservatively use the same DM
velocity v, as in the Solar neighborhood, as there are large
uncertainties in the velocity near the Galactic Center. It is
likely lower, and a smaller DM velocity would enhance
the capture and annihilation rates, and increase the heat
flow signal.

We expect such a candidate to be detectable with
telescopes such as JWST; see Ref. [77] for detailed
discussion of exposure times, instrument filters, etc.

When considering DM-induced planetary heat flow, we
neglect contributions from dark kinetic heating [181].
These are expected to be negligible for the contact inter-
actions we consider.

III. HEAVY MEDIATOR RESULTS

We begin with the scenario in which DM annihilation
products deposit their energy near the annihilation site.
This is expected when the mediators are sufficiently heavy
or short-lived. For simplicity, we refer to this as the “heavy
mediator” scenario, which is a common assumption in
contexts such as direct detection experiments. By deter-
mining the fraction of energy deposited in the atmosphere
or interior, we can constrain the DM scattering cross
section, or project sensitivities in the case of a Super-
Jupiter, using UV airglow or internal heating as observa-
tional probes.

A. Interplay of internal vs atmospheric energy
deposition

The fraction of DM annihilation events injecting energy
into the atmosphere is given by

1F AN L M
heavy
i atm
C
2 NN foi™
D 10 E
o 3
Q. E
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2
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L [ ]
©
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[ mediator )
10—4 N P | P
1072 107" 1 10
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Fraction of energy deposited in the atmosphere (fhe“vy

FIG. 3. atm s
solid) and interior (f1<"?, dotted) for DM annihilating through a
heavy mediator, with DM distributed throughout the planet in the
interior LTE regime, in the case of Jupiter, Saturn, Uranus,

Neptune, Earth, and a Super-Jupiter.

heavy _ fl?mm drrzG)z((r) (34)
o s drrG2(r)’

where G, (r) is the normalized DM density profile, defined
earlier in Sec. I B. The fraction of DM annihilation events
that deposit energy into the planetary interior is then
approximately

fin™ =1 = fum” (35)

int

Figure 3 shows the fraction of energy deposited in the

h . . . . . h
atmosphere (fym ~» solid lines) and in the interior (fi ",

dotted lines) for DM annihilation through a heavy mediator,
assuming the DM follows an LTE distribution in the
interior of the planet. Results are shown for Jupiter,
Saturn, Uranus, Neptune, Earth, and the benchmark
Super-Jupiter. We have cut our results at the lowest DM
mass that does not evaporate for the given planet. At lighter
DM masses, more of the DM density profile extends into
the atmosphere, and so lighter masses have the lightest
atmospheric energy deposition. This shows that for light
DM, even with a heavy mediator, a substantial atmospheric
signal is possible. As the DM mass increases further, DM

increasingly resides in the core.

heavy . heavy .
In contrast to f,q, ", the fraction f, ™’ remains sub-

stantial across the entire mass range, reflecting the domi-
nance of the planetary interior’s volume. While these
fractions are higher, they do not generally lead to superior
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heating limits compared to UV airglow, as the SM back-
grounds from UV airglow are much lower.

B. Cross section constraints and projections

Applying the atmospheric and interior energy deposition

. h h .
fractions, fam ° and f;°, as well as accounting for the

evaporation mass cutoff, we derive constraints and projec-
tions on the DM scattering cross section parameter space
using anomalous UV airglow and internal heat flow limits,
under the heavy mediator assumption.

Figure 4 presents our results for DM annihilating
through a heavy mediator, considering both spin-dependent
proton and spin-independent nucleon interactions. The top
panels show the constraints derived from anomalous UV
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airglow, while the bottom panels display those from
anomalous internal heating in Saturn, Uranus, Neptune,
and Earth. We also project UV airglow sensitivity for a
benchmark nearby Super-Jupiter and for anomalous heat-
ing at 0.1 kpc from the Galactic Center. New sensitivities
for spin-dependent neutron scattering, as well as for DM
subfractions, are shown in Appendix C.

For UV airglow in Fig. 4, our gas giant constraints on both
spin-dependent and spin-independent scattering surpass
those from direct detection at low DM masses, benefiting
from kinematic matching with hydrogen-rich planets like
Jupiter and Saturn. This new sensitivity is possible even
for this heavy mediator scenario, due to the part of the DM
radial density profile already sitting in equilibrium in the
atmosphere, where it is directly annihilating. The limits are
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FIG. 4. Constraints (solid, shaded) and future projections (dashed) on spin-independent (SI) nucleon scattering (left) and spin-
dependent (SD) proton scattering (right), assuming DM annihilation through a heavy mediator using planetary UV airglow (top) and
internal heat flow (bottom). The gray region is excluded by direct detection (DD) experiments [182—188], green by XQC [189,190], and

dotted gray by Lyman-a and Milky Way subhalos [191-193].
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bounded at low DM mass by the evaporation cutoff and at
high DM mass by the steep fall-off of /" (cf. Fig. 3).

For internal heat flow in Fig. 4, both Uranus and Neptune
rule out some new parameter space, while those for the
Earth and Saturn overlap with direct detection exclusions,
providing an independent cross-check. For the Super-
Jupiter, substantial new parameter space may be tested
using DM heating once measurements with e.g. JWST,
Roman, or Rubin are made. The low-DM mass reach is
again limited by evaporation, but is in addition limited due
to lighter DM sitting increasingly in the atmosphere rather
than the interior (c¢f. Fig. 3). At higher masses, anomalous
heating constraints are most sensitive near the typical
planetary element masses, around 20 GeV for Earth.
Beyond this, limits weaken roughly linearly with DM
mass, similarly to direct detection.

In Fig. 4, we include complementary constraints from
direct detection experiments, which test the DM-SM
scattering rate [194]. Leading spin-dependent proton
constraints are set by NEWS-G [188], CRESST [184],
Lz [186], and PICO-60 [182]; spin-independent
nucleon interactions are constrained by CRESST [183],
DarkSide-50 [185], PandaX-4T [187], and LZ [186]. Note
that these experiments do not require an annihilation rate,
unlike our results. At large cross sections, DM is expected
to lose energy in the atmosphere or rock overburden before
reaching deep underground detectors, producing a satura-
tion limit (“ceiling”) for many direct detection experiments.
Where available, we use the published upper limits; other-
wise, we adopt ceiling values from Refs. [91,193]. We also
incorporate constraints from the XQC rocket experiment
[189,190]. For a range of other constraints on benchmark
models, see Refs. [195-197]. We omit Migdal-based
constraints, because the Migdal effect has not been exper-
imentally calibrated, and it remains unobserved using
Standard Model probes [198].

Cosmological observations offer a complementary probe
to direct detections experiments. In Fig. 4, we show limits
from the Milky Way satellites; Lyman-a bounds are
comparable to Milky Way satellite galaxy constraints [199]
and are therefore not separately shown.

IV. LIGHT MEDIATOR RESULTS

We now investigate the case where DM annihilates into
mediators that travel macroscopic distances before depos-
iting energy into the surrounding medium. This scenario
naturally arises when mediators are sufficiently light or
long-lived. Mediators between the dark and visible sectors
can acquire long lifetimes if their couplings to SM particles
are suppressed. Examples of potential long-lived mediators
include the dark photon and dark Higgs boson [200,201].
Alternatively, mediators can inherit a large boost if the DM
is comparably heavy, such that a long lifetime is not strictly
required. For simplicity, we refer to this scenario as the
“light mediator” scenario.

Collider searches for missing energy, e.g., at the LHC,
can provide constraints on specific long-lived mediator
models. Additionally, current and upcoming long-lived
particle experiments such as FASER, MATHUSLA, SHiP,
and CODEX-b aim to improve the sensitivity to particles
with decay lengths exceeding O(100) m [201], which are
otherwise difficult to detect at the LHC, by placing a
detector some distance away from the beam collision point.

Planetary probes offer a complementary approach to test
long-lived or light mediator properties. The observable
fractions of DM energy deposited in the atmosphere and the

planet interior, denoted as ffj{%,‘;‘ and f&gtht, depend on both
the mediator mass and its decay length L. The ability of
different celestial bodies to probe various regions of para-
meter space arises from (1) their size relative to L, (2) their
characteristic DM radial distribution (see Fig. 2), and
(3) their capture and annihilation rates. This interplay
between planetary composition and mediator properties
underscores the potential of planetary spectroscopy as a

sensitive probe of physics beyond the SM.

A. Energy deposition via a light mediator

We parametrize the properties of the mediator through
the decay length

L=yt (36)

where the Lorentz boost factor is approximately given by
y =~ m,/mg, assuming the annihilating DM particles have a
small relative velocity. We impose two main constraints on
the mediator properties. First, its mass m, must lie between
the electron mass and the DM mass to allow for on-shell
production of the mediator and, subsequently, of visible
final states. Second, its lifetime 7 must be larger than 1/m,
though mediators with lifetimes larger than about a second
could disrupt big bang nucleosynthesis by injecting energy
into the primordial plasma [202].

Signals from DM annihilation into light mediators
require the mediator to decay within the atmosphere (for
airglow) or interior (for heating). We compute the resulting
energy deposition using a Monte Carlo method that
accounts for the DM radial distribution.

1. Deposition in the atmosphere

The atmospheric energy deposition fraction from DM
annihilation into light mediators is computed as

a = Y _PAT/N, (37)

1

where P%™ is the probability that a mediator decays in the
atmosphere, given an annihilation at point i, and N is the
total number of sampled points. Details of the Monte Carlo
method are provided in Appendix D.
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FIG. 5. Fraction of energy deposited in Saturn’s atmosphere
from DM annihilation as a function of the boosted mediator
decay length, normalized to Saturn’s radius. The DM is radially
distributed as in the LTE regime. DM masses above 250 MeV fall
on the same low-lying line shown in thick black.

In the limit of long decay lengths, a commonly used
approximation is

light, _ _
lightapprox o o—R/L _ p=Rum/L (38)

assuming DM is concentrated at the planet’s center. We
find this approximation agrees well with the full result
in Eq. (37) for DM masses m, 2 1 GeV for Jupiter and
m, 2 10 GeV for Earth. For lighter masses, the DM core-
concentration assumption breaks down, and the full cal-
culation is required.

light

Figure 5 shows, in the example case of Saturn, how f,,
depends on the mediator decay length in the large cross
section regime (where the interior DM is in an LTE regime),
for several DM masses; other planets show qualitatively
similar behavior. In the small cross section regime, quali-
tatively similar results are obtained. At short decay lengths,
energy deposition is largest for light DM, due to (1) the
greater fraction of DM residing in the atmosphere, and
(2) mediators decaying close to the production site, thereby
tracing the DM density profile more closely. A local
maximum appears near L ~ R, where mediators produced
in the DM dense core are likely to decay in the atmosphere.

For L Z 10R, fif?mh‘ falls off as ~1/L. As the DM mass

increases, the atmospheric DM fraction decreases, sup-

pressing fi%;“ and bringing it closer to the approximation

in Eq. (38).

2. Deposition in the interior

The total fraction of energy deposited in the planetary
interior is given by

fstt = PN, (39)

1

where Pt is the probability that a mediator decays in the
interior following an annihilation at point i.
An analytic approximation, similar to Eq. (38), is

e 40
which assumes that all DM is localized at the planetary
center. Since interior deposition typically dominates over
atmospheric deposition, this expression provides a good
approximation across all DM masses considered, though
our results use the full calculation.

Figure 6 shows the fraction of energy deposited in the
atmosphere fien' and in the interior 12" for a mediator
with decay length of Jupiter’s radius L = R; (left) and
Earth’s radius L = Rg (right). As the right panel has a
decay length which matches the Earth’s radius, the Earth
has the largest f' Etg,fl“ when DM is located close to the core.
Uranus and Neptune follow, as they have the next largest
radii, followed by the gas giants. In the left panel, the Earth
is then not the “best” candidate for the choice of decay
length of Jupiter’s radius. Note however that Jupiter still
does not have the highest atmospheric energy deposition in
the left panel, despite a decay length matched to its radius;
this is because atmospheric thickness is also relevant, and
other planets have larger atmospheric regions that can
contribute to the signal.

B. Airglow and internal heating cross section
constraints

Figure 7 explores the mediator and DM mass parameter
space for a spin-dependent proton and spin-independent
interaction of ¢ = 1073 cm? and mediator lifetime of
7= 1072 s, an arbitrary benchmark, for energy deposited
in the atmosphere and interior. This highlights the com-
plementarity of different planets to probe dark sector
properties. These can be linearly rescaled for other life-
times, provided decay is kinematically possible. For refer-
ence, we also mark the decay lengths illustrated in Fig. 6.
The limits are cut off in the upper left region by requiring
the mediators ¢ to be produced on shell, my < m,. The
colored regions are truncated at small DM mass due to each
planet’s evaporation mass. At large DM mass, if L < R, the
limits quickly weaken, as shown on the right panel of Fig. 6
for Jupiter, Saturn, and a Super-Jupiter. The limits extend to
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FIG. 7. Parameter space constrained by planetary UV airglow and internal heat flow for a benchmark mediator lifetime of 7 = 1072 s
and cross sections as labeled. The lines corresponding to the choices of L from the panels of Fig. 6 are shown in black.

smaller mediator mass when the main planet elements
match the DM mass.

Figure 8 shows instead constraints and projections in the
DM-proton scattering vs DM mass plane, for a benchmark
mediator mass of 1 MeV, and two benchmark mediator
lifetimes of 1072 and 10~ seconds. We show here only UV

airglow constraints, as the internal heating constraints are
severely limited in the light mediator case. We find that
sensitivities are strongest for mediator parameters when the
energy deposition is largest in the relevant region of the
planet, as expected. For results with additional benchmark
points, and other cross section types, see Appendix C.
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Spin-dependent proton cross section constraints (solid, shaded) and future projections (dashed) using UV airglow for a

benchmark 1 MeV light mediator with decay lifetime of 10~* s (left) and 1072 s (right). Complementary direct detection (DD) limits are

shown in gray [182-188].

V. SUMMARY AND CONCLUSIONS

We develop a comprehensive framework to probe DM
interactions using planetary energy-injection signatures,
focusing on UV airglow and internal heat flow. We consider
two broad classes of DM annihilation scenarios: heavy
mediators, which lead to prompt energy deposition near the
annihilation site, and light or long-lived mediators, which
result in displaced energy injection.

Within this framework, we derive general, model-inde-
pendent expressions for the fraction of annihilation energy
deposited into planetary atmospheres and interiors. We
demonstrate that this fraction depends sensitively on the
DM radial distribution, the planetary internal structure, and
the mediator’s properties. Planetary size and composition
also play key roles, especially across different mediator
decay lengths and DM masses.

Using existing UV and heat flow measurements from
Voyager, Cassini, New Horizons, AMS-02, CubeSats, and
ground-based observations, we place new constraints on
both spin-dependent and spin-independent DM-nucleon
scattering cross sections. We also project sensitivities for
a hypothetical free-floating Super-Jupiter near the Galactic
Center, illustrating the promise of future planetary obser-
vations. These constraints are particularly powerful for DM
masses below the reach of conventional direct detection
experiments. Planetary energy injection signatures can also
constrain cases of strongly coupled DM subcomponents
that would otherwise not reach underground detectors.

The most promising results are achieved using UV
airglow, which enables sensitivity to low-mass DM well
below traditional detection thresholds. Remarkably, even in
the heavy mediator case, light DM can be well probed due

to the presence of thermalized DM in planetary atmos-
pheres that can locally annihilate. In such scenarios, we
find that more than 10% of the captured DM can still anni-
hilate in the atmosphere, greatly enhancing signal strength.
For light mediators, the planetary environment provides
unique access to macroscopic decay lengths inaccessible
to terrestrial experiments, offering complementary reach to
collider-based long-lived particle searches. In our compa-
nion UV airglow study, we assumed for simplicity that
100% of captured DM annihilates in each planet’s atmos-
phere, corresponding to an optimistic, best-case scenario
that maximizes the expected signal [120]. That analysis
suggested Jupiter is generically the most sensitive planet.
However, the more complete treatment presented here
reveals that the atmospheric annihilation fraction can vary
significantly with the DM model and parameters, and
reveals that Jupiter is not always the most sensitive target.

Looking ahead, improvements in UV and infrared
spectroscopy, both for Solar System planets and free-
floating exoplanets, as well as more precise measurements
of internal heat flows, could significantly extend the reach
of this program; see the companion Letter [120] for
additional details on potential telescope and detection
prospects. Incorporating DM-electron scattering and addi-
tional energy-deposition signatures would further broaden
sensitivity to a wider range of dark sector models.

In this study, we adopt characteristic values of atmos-
pheric parameters for the solar system planets and their
response to ionizing radiation. For example, we adopt a
value of C = O(10)RuW~'m=2 as a characteristic value
for the probable ionization of the gas-giant atmosphere by
all the dark matter annihilation products, e.g., charged
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hadrons, heavy and light leptons. We also take benchmark
locations for the atmospheric boundaries, between one bar
of pressure and the exobase. Furthermore, we consider
quasiminimally ionizing electrons as a benchmark channel
for ionization. However, it is important to note that the
precise value of C varies with energy, as well as the struc-
ture of the atmosphere and its constituents. A dedicated
search for dark matter using this probe should simulate the
development of the electromagnetic cascade, accounting
for the salient features of the atmosphere, as well as the
energy profile of the annihilation products.

Overall, our results establish planetary energy-injection
signatures as a powerful and versatile tool in the DM search
program. These signatures probe regions of parameter
space unreachable by traditional methods, offering unique
access to multiple model classes including light DM,
strongly interacting subcomponents, as well as long-lived
mediators with macroscopic decay lengths. This leverages
the natural diversity of planetary environments to uncover
the fundamental properties of dark matter, offering unique
and complementary sensitivity compared to direct detec-
tion, collider searches, and cosmological probes.
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APPENDIX A: PLANETARY PROPERTIES,
COMPOSITION, AND UNCERTAINTIES

Table II presents the SM density and temperature profiles
for the interiors of the giant planets and Earth. We adopt the
1 bar pressure level to separate interior and atmosphere,
denoting the 1 bar radius as R and the exobase height as
hexo- The Super-Jupiter model uses Jupiter’s radius but
assumes a tenfold increase in the density profile (and thus
total mass) and a fivefold increase in the temperature
profile; these values can be adjusted once an observational

TABLE II. Density and temperature profile references for the
interiors of the giant planets and Earth.

Interior
Jupiter Model J11-4a from [203]
Saturn Baseline model from [204]
Uranus [84]
Neptune Model N1 from [205]
Earth [147,206]

target is identified. For all bodies, we assume isotropic
density, temperature, and composition profiles as in our
companion Letter [120], and neglect the small planetary
oblateness, treating them as perfect spheres.

Table III lists the properties and isotopic compositions
used to compute DM capture. A three centerdots (---)
denotes negligible elemental abundance.

Table IV summarizes the nonzero nucleus spin and
proton/neutron spin expectation values adopted for spin-
dependent interactions, taken from Refs. [90,126,212].
Elements not listed (*He, '°C, '°0) have J = (S, ,,) =0
and thus do not contribute.

The outer planets’ atmospheres are reasonably well
characterized by Voyager and later missions such as
Galileo, Cassini, and Juno through infrared spectra and
radio occultation [213-215]. In Jupiter, the helium mass
fraction is ~0.25, consistent with primordial values and
indicating minimal helium differentiation between atmos-
phere and interior [213]. Saturn shows evidence of helium
separation: Voyager data suggested ~0.18-0.25 [216],
while Cassini found ~0.075-0.23 depending on instrument
[217]. For consistency, we adopt primordial helium abun-
dances for both Jupiter and Saturn, as summarized in
Table III. For Uranus and Neptune, their compositions are
less certain. Their outer envelopes contain helium, but the
interior composition is uncertain and may include mixed
ices (H,O, NH;, CH,), a single dominant ice, or even rocky
material such as SiO, [218-220]. Here we adopt a mixed-
ice interior model, detailed in Table III.

While there are uncertainties in planetary compositions
and interiors, our strongest sensitivities generally come
from Super-Jupiters, Jupiter, and Saturn, which are hydro-
gen rich. Even deliberately conservative assumptions—
e.g., reducing the hydrogen fraction to 75% and removing
helium and heavier elements—change our SI and SD
proton-scattering bounds by only tens of percent, demon-
strating that they are largely insensitive to plausible
composition variations. For Uranus and Neptune, similarly,
the main elements composing them are known to an order
one factor. The main exception is SD neutron scattering in
the gas giants, which can depend on trace isotopes such as
’H and *He and is therefore more sensitive to compo-
sition systematics. Another source of uncertainty is the
core temperature: varying it shifts the evaporation cutoff
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TABLE III.  List of parameters used for the giant planets and Earth: radius R, mass M, exobase height A.,,, and
elemental abundance of the most common elements and isotopes in mass fraction used for capture (Sec. [ A) and
evaporation (Sec. I D). The fractional composition in any column might not add up to 1 due to rounding. In the last
line, mgy; is the SM target mass used in the LTE radial profile, Eq. (8). Exobase heights can be estimated for

Jupiter [207], Saturn [208], Uranus and Neptune [209], Earth [210], and Jupiter-like planets [211].

Jupiter Saturn Uranus Neptune Earth
R (x107 m) 6.99 5.83 2.54 2.46 0.6371
M (x10%° kg) 18.98 5.68 0.86 1.02 0.0597
Pexo (X 10° km) ~2 3.0 6.5 4 1.0
[h] 0.75 0.75 0.18 0.18
[He] 0.25 0.25 e e
[C] e S 0.25 0.25
[N] 0.27 0.27 e
[O] 0.30 0.30 0.30
Mg] - - 0.15
[Al] 0.015
[Si] 0.14
[Ca] 0.017
[Fe] 0.32
[?H] 7.5%x 107 7.5%x10°° 1.8 x 107 1.8 x 107°
[*He] 2.5x 1073 25x 1073
[C] e e 25% 1073 2.5% 1075
['°N] 1.1x1073 1.1x 1073
[170] 1.2x10™* 1.2x 1074 1.2x 107
[25Mg] A ... 0.015
[2°Si] 0.0066
[FCal 2x 107
[*Fe] 0.007
msy (xm,,) 1 1 12 12 16

TABLE IV. Nucleus spin J and expectation values (S,) and (S,) of the proton and neutron spins, for elements

relevant for spin-dependent scattering.

H 2H 3He 13C I4N ]5N 170 ZSMg 27 Al 29Si 43Ca 571:*e
J 12 1 1/2 1/2 1 1/2 5/2 5/2  5/2 12 72 12
(Sp> 05 05 -0.081 0 05 —-0.136 —0.008 0.04 0.333  0.054 0 0
(S, 0 0.5 0.552 —-0.183 0.5 0.028 0.48 0.376  0.043  0.204 0.5 0.5

approximately linearly in DM mass. This effect is straight-
forward to rescale and is expected to be known within a
factor of a few for Super-Jupiters and better for Solar
System planets.

Overall, by comparing with very conservative assump-
tions, such as considering only minimal fractions of the
main elements or excluding heavier elements entirely, we
find that our strongest SI and SD proton-scattering con-
straints remain fairly robust against uncertainties in plan-
etary composition. The main caveat is for SD neutron
scattering, where sensitivity depends on low-abundance
isotopes and is thus more composition dependent.

APPENDIX B: RESULTS FOR BENCHMARK
ANNIHILATION RATES AND CAPTURE-
ANNIHILATION EQUILIBRIUM

Even in the scenario where DM capture-annihilation
equilibrium is not reached, detectable signals are possible,
due to a sufficiently large DM population accumulated
inside the planet. We therefore now investigate the para-
meter space for two benchmark scenarios of the thermally
averaged annihilation cross section: (1) s-wave rates of
(ov), ~3 x 10726 cm?/s, and as well as (2) p-wave anni-
hilation rates, which are suppressed compared to s-wave
rates by the DM thermal velocity squared, v3.
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FIG.9. Optimal UV airglow limits including a factor accounting for potential nonequilibration with s-wave annihilation (top row), and
p-wave annihilation (bottom row). The left panel is for a spin-independent interaction and the right panel, for a spin-dependent proton
interaction. Gray represents the combined most recent direct detection (DD) constraints [182—188].

To do this consistently, the equilibrium condition
Ceap = N3Cypy is replaced by Ce,p, tanh?(1/1eq) = N7 Cyp,
which allows for a calculation of the rates both in and out
of capture-annihilation equilibrium. Here we take the
equilibration timescale 7., as per Eq. (20), and take time
t to be 4.5 Gyr in the Solar System planets and 10 Gyr for
the Super-Jupiter. For p-wave annihilation, we define the
DM temperature as the volume-averaged temperature
within the volume bounded by the scale radius Tys defined
in Eq. (7). We define the annihilation rate as C,,, =
(ov)/((27)3/?r}), where the denominator is the volume

x
enclosed within the thermal radius. The scale radius ry,

is defined in the main text, while the thermal radius is
ra = \/9T./(4nGp m) [221-224].

Figure 9 presents our optimal (fym,~ 1) UV airglow
limits for the gas giants, ice giants, Earth, and a local Super-
Jupiter for the s- and p-wave annihilation rates, but without
the effect of evaporation. We see that s-wave sensitivity is
possible with all objects. For p-wave annihilation, it is not
reached everywhere for all objects, but the minimum
sensitivities shown here show that some of the parameter
space is also achievable. The vertical lines indicate where
the scale radius r, reaches the radius of the planet, beyond
which we do not define the isothermal radial profile nor the
equilibration time. Complementary constraints from direct
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FIG. 10. Optimal internal heating limits including a factor accounting for potential nonequilibration with s-wave annihilation (top
row), and p-wave annihilation (bottom row). The left panel is for a spin-independent interaction and the right panel, for a spin-dependent
proton interaction. Gray represents the combined most recent direct detection (DD) constraints [182—-188].

detection are shown, and are the same as those cited in the
main text.

Figure 10 shows the f;, ~ | internal heating limits for
the five Solar System planets and a Super-Jupiter located in
the Galactic Center, assuming the standard s- and p-wave
weakly interacting massive particle (WIMP) thermally
averaged relic annihilation cross section and without the
effect of evaporation. We again see that s-wave sensitivity
is possible with all objects, while p-wave sensitivity via
internal heating is only achieved with the Super-Jupiter.
Note that in Figs. 9 and 10, the discontinuity around
10732 cm? for Uranus and Neptune is a numerical artifact
of an approximation for switching between single and
multiscatter regimes with Asteria, and is not a physical

feature; the physical result in that region will be within
about a factor 2 of what is shown.

Our results apply to s- and p-wave annihilation, though
the s-wave annihilation cross section can be constrained by
cosmological observations, under some assumptions. In
particular, measurements of the cosmic microwave back-
ground (CMB) by the Planck satellite can set stringent
limits on DM annihilation, as DM-induced energy injection
into the photon-baryon plasma can affect the ionization
history and CMB anisotropies [225-227]. Under the
assumption of 2 — 2 annihilation fully into visible final
states, DM with a mass below ~10 GeV is constrained
[226]. However, these bounds can be weakened for a range
of WIMP models, including non 2 — 2 processes such as
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those from hidden sector WIMPs [122,228-231] or a
nonzero branching fraction into neutrinos.

APPENDIX C: ADDITIONAL CROSS SECTION
RESULTS

1. Heavy mediator
a. Spin-dependent neutron interactions

Figure 11 presents heavy-mediator constraints on spin-
dependent DM-neutron interactions, using the Solar
System giant planets, Earth, and a Super-Jupiter, for
both UV airglow and internal heating. Direct detection
experiments constrain these spin-dependent neutron-DM
scattering interactions. The strongest constraints come
from CRESST [184], CDMSlite [232], LZ [186], and
XENONNT [233]. The CMB, BAO, and Lyman-a forest
cannot constrain a neutron-only spin-dependent interaction,
leaving the parameter space unavailable to direct detection
due to the experiments’ shielding poorly probed.

b. DM subfraction

The scenario where only a subfraction of particle DM
interacts nongravitationally with SM particles has been of
increasing interest recently, e.g., Ref. [234], due to the
prediction in some model classes, e.g., Refs. [235,236], as
well as the inability of existing experiments to easily probe
this regime. In these scenarios, cosmological and astro-
physical constraints become less stringent. Specifically,
constraints from the CMB, BAO, Lyman-a forest, and

10726

10—27 :

10728

SD Neutron Cross Section [sz]

10—29
s UV airglow
I Heavy mediator DD XQC
10—30 N | A | n e
102 107" 1 10

Dark Matter Mass [GeV]

FIG. 11.

Milky Way satellite galaxy bounds can disappear entirely
when f, <2 x 1073 [237], making it an interesting sce-
nario for lab-based experiments.

To study this scenario, we define f, <1 to be the
fraction of DM which interacts nongravitationally with SM
particles and we rescale Eq. (2) by Ceyp = [ Ceap-

Figure 12 presents the UV airglow constraints that can be
set on a subfraction f, = 1073 of DM interaction through
spin-independent scattering with nucleons. While the
capture rate scales linearly with f,, the resulting constraints
do not necessarily weaken by a factor 1/f, across all
parameter space. At low cross sections, the DM population
is limited by evaporation rather than capture. Since the
evaporation mass is independent of f,, in this regime
reducing f, leads to a much weaker rescaling of the
constraints.

The disappearing cosmology bounds (Lyman-a forest,
Milky-Way satellite galaxies, CMB + BAO) open up
parameter space at large cross sections which cannot be
probed by underground DM experiments, though our
bounds for Earth can be fully probed via DM-induced
power in quantum devices [238,239]; our limits with other
planets can reach lower DM masses. While the XQC rocket
experiment and lower limit of direct detection clearly move
up by 3 orders of magnitude, the UV airglow constraints
adopt a slower change due to the evaporation-dominated
regime. For comparable subfractions, we find that no
constraints are obtained using internal heating in Solar
System planets.

1026
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10-28
10729
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<.
9
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10—34 | 1 1
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Constraints (solid, shaded) and future projections (dashed) on spin-dependent neutron scattering, assuming DM annihilation

through a heavy mediator using planetary UV airglow (left) and internal heat flow (right). Gray zone is constrained by direct detection

(DD) experiments [184,186,232,233], green is XQC [189,190].
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and cross sections as labeled. The lines corresponding to the choices of L from the panels of Fig. 6 are shown in black.

2. Light mediator

In addition to the results of the main text, we present here
light mediator constraints and sensitivities for additional
parameters.

Figure 13 explores the mediator and DM mass parameter
space for a spin-dependent proton and spin-independent
interaction of ¢ = 1073 cm? and mediator lifetime of
7=10"*s, for energy deposited in the atmosphere and
interior. It provides the decay lengths illustrated in Fig. 6.
Figure 7 of the main text presents similar results to Fig. 13,
but for a lifetime of 7 = 1072 s. Comparing the results for
the two lifetimes, the plot corresponds to a vertical shift in
the available parameter space, as alluded to in Sec. IV B.

The shorter lifetime of 7 = 107 s corresponds to decay
lengths becoming smaller than the typical scale of the
planets, such that the parameter space where an airglow
signal would be expected decreases, while the heating
signal becomes dominant.

APPENDIX D: LIGHT MEDIATOR ENERGY
DEPOSITION

1. Monte Carlo sampling

For each of sixty logarithmically spaced DM masses
between 1073 and 10° GeV, we generate N = 10° anni-
hilation points X; within the planet, drawn according to
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either the LTE or isothermal DM density profiles. Each
position is sampled with probability proportional to nZ,
corresponding to the DM annihilation rate density.
The coordinates are defined with respect to the planet’s

center at 0.

We sample the radial coordinate » from the distribution
r*n,(r)* for r < Ry, the polar angle © from sin® over
[0, z], and the azimuthal angle ® uniformly over [0, 27). At
each point, we evaluate the probabilities for mediator
energy deposition in both the atmosphere and the planetary

interior.

2. Angular definitions

To compute energy deposition probabilities, we define
two angles, ; and ¢;, based on the triangle formed by
the annihilation point X;, the surface point ﬁatm, and the
planetary center.

We define the path from X; to the atmospheric surface as
5; = Rym — %;, with magnitude s; = |5;|. The relevant
angles are given by

N -

R

cosf; = Ji* Ram, (D1)
siRatm
2B

cos ¢y = i Ttam (D2)
xiRatm

To determine the appropriate geometric treatment, we
introduce critical angles 6.; and ¢, defined by the
triangle connecting the planetary center, the atmosphere-
interior boundary, and a point on the atmospheric surface.
These are given by

R

08 o = (D3)
atm
R2 _ R2
Y — ;;m ) (D4)
atm

The relative values of cos ; and cos ¢; compared to their
critical values determine the classification of the annihila-
tion point for deposition calculations.

3. Geometric regions

We partition the space into three mutually exclusive
regions, A, B, and C, corresponding to different numbers of
crossings of the atmosphere-interior boundary along the

line from X; to R,y.

(i) Region A: The annihilation occurs in the atmos-

phere, and the path to ﬁatm does not intersect the
planetary interior. This region is defined by

A = {cos@; > cos g A X; > R}

U {cos0; < cos O} (D5)
(i) Region B: The annihilation occurs inside the plan-
etary interior, i.e., x; < R. In this case, the path from

X; to ﬁalm crosses the atmosphere-interior interface
exactly once.

(iii)) Region C: The annihilation occurs in the atmos-
phere, but the path intersects the interior, crossing
the interface twice. This region is defined as the
complement of A U B:

C=(AuDB). (D6)

4. Deposition probabilities

For each point, we compute the probability that the

mediator decays in the atmosphere along its path to I_éatm.
This probability depends on the region in which the point
falls:

1 —esi/t if X; € A,

Pam = § o=/l _ osi/L if X, € B,
1— e—(s,—h;r)/L + e—(i'[—’f)/l‘ — e—Si/L if )_C'l. GC,
(D7)

where L is the mediator decay length, and h are the

distances from ﬁatm to the points where the path intersects
the interior boundary. These are given by

2

R
= sin20l~> . (D8)

atm

h# = Rym (cos 0, £

The corresponding interior deposition probability is

0 lf )_C)l‘ (S A7
[ L if ¥, €B, (DY)
eIl _ o=(si=hD)/L - if X e C.

By spherical symmetry, these probabilities are represen-
tative of the decay likelihood to any point on the atmos-
pheric shell of radius R,,.
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