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Abstract

While it is possible to estimate the dark matter density at the Sun distance from the
galactic center, this does not give information on actual dark matter density in the
Solar system. There can be considerable local enhancement of dark matter density in
the vicinity of gravitating centers, including the Sun, the Earth, as well as other planets
in the solar system. Generic mechanisms for the formation of such halos were
recently elucidated. In this work, we studies the possible halo dark matter
overdensities and corresponding dark matter masses allowed for various objects in
the solar system. We explore spacecraft missions to detect such halos with
instruments such as quantum clocks, atomic and molecular spectrometers designed
to search for fast (tens of hertz to gigahertz) oscillations of fundamental constants,
highly sensitive comagnetometers, and other quantum sensors and sensor networks.
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1 Introduction

The nature and composition of dark matter (DM) remains a major unsolved problem in
modern physics [1]. The absence of unambiguous non-gravitational detection of DM of
any kind despite decades of intense experimental effort is stimulating theorists to come
up with various new scenarios, in turn opening new directions in experimental searches.
A well-motivated paradigm that has attracted considerable attention in the last decade
is that of ultralight bosonic galactic dark matter [2], with underlying bosons with mass
< 10 eV forming a field oscillating at the corresponding Compton frequency. The spin of
the boson and its intrinsic parity govern possible non-gravitational interactions the DM
field may have with fermions. Specifically, scalar (spin-0, even parity) DM leads to apparent
oscillation of fundamental constants; see [3] and references therein, while pseudoscalar
(spin-0, odd parity) DM produces several kinds of spin-dependent interactions that are
first order in the DM field [4, 5].

Although in the so-called standard halo model [6-8], DM is virialized in the galaxy,
it was realized that there can be considerable local enhancement of DM density in the
vicinity of gravitating centers, including the Sun, Earth, as well as other planets in the
solar system [9—11]. While initially it was not clear how such DM halos could be formed,
generic mechanisms for such processes were pointed out in recent work [11].
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The possible existence of such halos, gravitationaly bound to Solar system objects, opens
an intriguing possibility of directly probing these halos with instruments on board space-
craft such as, for example, the next generation of solar probes with optical atomic or nu-
clear clocks [12]. An interesting feature of the halos is that the density enhancements peak
at different dark matter mass ranges for different Solar system objects.

In this paper, we explore spacecraft searches with other instruments such as atomic
[13, 14] and molecular [15, 16] spectrometers designed to search for fast (tens of hertz to
gigahertz) oscillations of fundamental constants, as well as comparisons of atomic transi-
tion frequencies with those of a quartz oscillator [17]. These technologies have the advan-
tage of simpler setup and correspondingly easier pathway towards space applications. We
find that exploration of different halos leads to drastic increase of the dark matter mass
range that can be probed with halo searches. Various quantum technologies described in
this work are sensitive to dark matter in different mass ranges, enabling maximizing the

discovery potential of space-based quantum dark matter searches.

2 Dark matter in the solar system
As a starting point, we consider a scalar field ¢ with small mass m, < eV, described by a

Lagrangian of the form
0 p*, 1

where f; > GeV is a high-energy scale of the underlying theory (for axion theories this is
the ‘axion decay constant’). The second term in Eq. (1) mediates the self-interactions of
the field with an effective dimensionless coupling —mé/f{f, where the minus sign indicates
an attractive interaction. Such a field can attain a significant energy density in the early
universe and, if stable, can constitute some fraction of the DM content of the universe
today [18-20].

In the standard halo model (see, for example, [7, 8]), the local properties of the DM field
are determined by large-scale (larger than 100 s of parsecs) observations in the galaxy. The
resulting DM energy density pjoca = 0.4 GeV/cm® [21, 22] and DM speed Vg, = 1073 [23,
24] are key inputs to a large number of terrestrial searches for DM. However, dynamics
in the DM sector can significantly modify these predictions on smaller scales, giving rise
to, for example, overdensities at the scale of astronomical units (AU) or smaller. Although
model dependent, such scenarios can provide new opportunities to discover or constrain
DM properties. Many scenarios of beyond-standard model physics that give rise to small-
scale DM structure inside the solar system have been proposed in the literature, including
axion miniclusters [25—27], boson stars [28—31], and solar basins [32—34].

In this work, we focus on scenarios in which a significant density of scalar field ¢ is grav-
itationally bound to astrophysical objects of mass M and radius R. Due to the effective 1/r
gravitational potential of the central object, these configurations are often called gravita-
tional atoms. A small value of my < eV implies that the gravitational Bohr radius of ¢ in

the presence of an external mass M can be astrophysically large,

1 13-10%eV\> [ M,
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where o = GMm, is the gravitational coupling, and we have illustrated the solar case with
Mg the mass of the Sun. The energy density of the gravitational atom is given by

= exp (-2 3)
A (_R)’

where M, is its total mass.! The stability of a gravitational atom is assured aslong as p < p,,
where

Oc = 160{2fa2qu§ . (4)

Above this density the self-interactions are sufficiently strong to cause gravitational col-
lapse [35-37]. The collapsing gravitational atom is expected to closely mirror the case of
collapsing boson stars [38—42], whose rapid emission of relativistic scalars gives rise to
novel signals in direct detection [43—46] and cosmology [47—49]. Further exploration of
such signals is interesting but lies beyond the scope of the present work.

The case of a gravitational atom bound to the Sun and Earth was previously analyzed in
the context of terrestrial direct detection experiments [9, 50]. Recently it was shown that
the self-interactions of the field (the second term in Eq. (1)) can lead to direct capture of
ultralight bosonic dark matter (UBDM) around the Sun from the DM background, leading
to overdensities of many orders of magnitude [11]. This capture mechanism is general and
therefore can be applied to other objects. However, significant overdensities are only cap-
tured when M 2 vgm/(2m Gmg), and R, 2 R is also required so that the 1/r approximation
holds. Since the former condition favors larger m, and the latter prefers smaller m, this
exponential growth is obtained outside the surface of some bodies (including Jupiter and
the Sun), but not for others (including the Earth and moon); see Appendix A for details.

More generally, direct observations, for example, solar system ephemerides [51-54] or
measurements of local Earth satellites [55], can constrain overdensities of DM in the solar
system. We review these constraints in Appendix B. In Fig. 1, we illustrate the maximum
density pmax allowed by the constraints above? as a function of m, for the Sun (orange),
Jupiter (red), Earth (blue), and Earth’s moon (green), evaluated at a distance r from the cen-
ter of each object as labeled. For the Sun and Jupiter, we also show the maximum density
that can be obtained by the capture mechanism of [11] (dashed lines). For a moon-bound
gravitational atom, we also illustrate the point at which the size of the gravitational atom
Rimoon) becomes equal to the Roche radius® Rroche Of the Earth (faint green line); for Mg
below this line, the cloud will be significantly distorted by the gravitational field of the
Earth.

Another critical property of UBDM is the timescale for coherent oscillations, also known
as the coherence time. Its precise value depends on the nature of the occupied states in the
gravitational atom (see [10, 11] for detailed discussion). If, for example, there is a O(1)

Here p(r) is normalized such that 47 fow p(Nridr=M,.

2Note that in all cases we require M, < 0.05M as a fixed constraint in addition to the observational constraints discussed
in Appendix B. This is a sort of common-sense limit based on the observation that replacing baryonic matter with feebly-
interacting dark matter inside the bulk of these objects should, at some level, lead to observable effects. The precise value
we choose here is motivated by Ref. [56], who derive a constraint on the non-baryonic mass of the Sun of roughly 0.05Mg,
obtained by modeling solar evolution.

3The Roche radius is the point at which a body (here, the gravitational atom) would be significantly distorted by the tidal
force from the gravitational interaction with a second body (here, the Earth).
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Table 1 Summary of objects and their companion gravitational atoms studied in this work. The first
three columns characterize the central object: their name, label, mass M, and radius R. The four

central columns characterize the gravitational atom at a distance r from its center, including the mass

I 5 . I 4 o
mf;e“, Compton frequency fgea( and coherence time T2 where the density obtains its largest

possible value, pgi&( (cf. Figure 1) The last column lists the strongest observational constraint on

each case. Note that in all cases, in addition to observational constraints, we impose the condition
that the total halo mass M, can be no more than 5% of the mass of the object

peak

Object (label) M [kq] R[10°m] r i;m—ax mgeak eV] f;eak rf:;k [s] Constraint
local
Sun (©) 2% 10%° 700 AU 10° 2-107  48Hz  9-10° 0 <10° plocals
Ephemerides [51-54]
01AU 10" 10713 24Hz 7-10% M, <0.05Mg only
Jupiter (J) 19x 107 71 R 1022 2.107"" 48kHz 10* M, < 0.05M; only
Earth (®) 6x10% 64 Re 109 1078 24MHz 8 /\/I*(RLAGEOS <r<
Bm) S4-10°Mg [55]
Moon (m) 73 %102 17 Rm 10 2.107® 48MHz 7-10° MR AGEOS <r<
Bm) S4-10°Mg [55]

admixture of excited states to the ground state, this leads to decoherence time ¢ >~ T,
where

21
2 )
Wl¢Vg

(5)

Tcoh =

with the effective velocity dispersion v, > \/GM/R, = «. Note that 7 represents a min-
imum coherence time the gravitational atom might obtain, though the precise value will
depend on the formation mechanism. As we will see, even this lower limit on the coher-
ence timescale can be extremely long, and as a result these coherent oscillations can be
utilized to improve the sensitivity of UBDM searches we propose.

In Table 1, we summarize the key properties of each object we consider (name, mass,
and radius), as well as several properties of their possible gravitational atoms, including the
peak density pE&¥, particle mass as the peak density mgeak, and corresponding Compton
frequency f3 >~ mgy/(2m). We also include the estimated (lower limit for the) coherence
time t.oh at the peak parameters; see Eq. (5). For each object we evaluate the density at the
surface of the object, except for the Sun where we consider both AU and 0.1 AU distances.
Finally, we cite the strongest observational constraint in each case.

In this work, we consider the UBDM bound to a range of objects in our solar system:
the Sun, Jupiter, Earth, and the moon. Though these objects were chosen to character-
ize the range of masses m, (or equivalently frequencies f;) of interest to future missions,
they do not exhaust the possibilities. The masses of Mercury, Venus, and Mars, lying be-
tween those of Earth and Moon, suggest that their gravitational atoms would be similar to,
though in-between, the blue and green curves in Fig. 1, with the important difference that
the local satellite constraints of [55] would not apply there. Similarly, a gravitational atom
bound to Uranus, Saturn, and Neptune would be similar to those of Earth and Jupiter, ly-
ing between the blue and red curves in Fig. 1. Future missions to these planets could also
provide novel opportunities to study the capture of UBDM and possibly lead to discovery.

The shape of the overdensity curves in Fig. 1 is dictated by the constraints we impose.
For Jupiter, which has the simplest constraint (independent of 1), the shape only changes
once: at the peak (4 >~ 2 - 107! eV, which is roughly where the radius of the gravitational
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Figure 1 Maximum gravitational atom density as a function of mg bound to the Sun (orange), Jupiter (red),
Earth (blue) or moon (green). In each case the density is evaluated at a distance r from the center of the
object as labeled. The dashed lines are the maximum density accumulated over 4.5 Gyr through the capture
mechanism of [11]. The dashed grey line shows local dark matter density, i.e. when pmax(1)/Procal = 1

atom R, coincides with the radius of the object R;. There is a change in all lines at the peak
for the same reason. The other objects have additional ‘kinks’ at the radii corresponding to
additional constraints. For the Sun, this occurs near m, > 107'° eV when the constraints
of [53] become stronger than the flat M, < 0.05M constraint. Similarly, there is a kink
in the Earth and Moon overdensity lines at mg ~ 107! eV and 2 - 1071° eV (respectively)
when the constraint of [55, 57] becomes relevant.

3 Searches for fast-oscillating fundamental constants

As illustrated by Fig. 1, gravitational atom density peaks at different mass ranges for var-
ious objects in the solar system. The peak masses of dark matter that can form the so-
lar halo are near 1072 eV. A clock-comparison satellite mission with two quantum (i.e.
atomic, molecular, or nuclear) clocks onboard to the inner reaches of the solar system was
proposed in [12] to search for the dark matter halo bound to the Sun and to look for the
spatial variation of the fundamental constants associated with a change in the gravitation
potential. The projected sensitivity of space-based quantum clocks for detection of Sun-
bound dark matter halo exceeds the reach of Earth-based clocks by orders of magnitude.
Atomic clocks have exquisite fractional sensitivity; however, they operate at relatively low
cadence, typically, providing a frequency reading less than a few times per second. In a re-
cent work, a solution was proposed using a broadband dynamic decoupling algorithm to
shift the sensitivity of clock-based dark matter searches to higher oscillation frequencies
while remaining sensitive to a broadband of DM masses [60]. In the dynamic decoupling
algorithm, Ramsey pulse sequences with 7 pulses are inserted into the free evolution time
at random times with a distribution designed to maximize sensitivity to the oscillation fre-
quency range of interest and to dynamically decouple noise from the signal in a quantum
system. Reference [60] specifically demonstrates that this approach allows reaching the
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Figure 2 Estimated sensitivity to UBDM-photon coupling dg and mass mg, assuming an fractional sensitivity
Sa/oe = 10718 (see text for details), for a maximal-density gravitational atom bound to the Sun (orange),
Jupiter (red), Earth (blue), or moon (green); the distances are the same as those illustrated in Fig. 1. Lines are
cut by the dashed black line, where p = piocal, and the gray shaded region is constrained by searches for
violation of the equivalence principle [58, 59]. Additional colored dashed lines show the predictions according
to the formation mechanism discussed in Ref. [11]

10713 eV mass range without significant sensitivity loss. However, reaching a mass range
peak of the Jupiter or Earth halo is beyond present clock architectures and requires differ-
ent quantum technologies discussed below. We note that other space clock missions aimed
at testing general relativity as well as other dark matter searches were recently proposed
[61, 62].

As a result, quantum clocks are sensitive to dark matter that can form Solar halo, but
other halos in the Solar system can be formed only by dark matter with larger masses,
needing different technologies.

The limitation of relatively low cadence can be overcome by tuning the laser frequency
to a slope of resonance and observing oscillations in the transmitted (or optical rotation)
signal as a function of time. If the laser frequency stabilization is configured to be insen-
sitive or differently sensitive to the variation of constants, oscillations of the transition
frequency will translate into oscillations of the signal. This idea was implemented with Cs
atoms and a polarization-spectroscopy setup [13], which was further improved to explore
the frequency range from near-dc up to 100 MHz (4 - 1077 eV) with the sensitivity to frac-
tional frequency variations as low as parts in 10'8 in a part of the explored frequency range
[14].

The measurements [13, 14] were primarily sensitive to variations of the fine-structure
constant « and the mass of the electron. To gain sensitivity to the variation of nuclear
mass, the technique was extended to molecular spectroscopy [15] as well as comparisons

of atomic transition frequencies with those of a quartz oscillator [17].
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4 Technical considerations for a spectroscopic search

The upper frequency limit is determined by several critical factors. First, it is the transi-
tion width. As detailed in [14] for an atomic transition, the resonance slope is crucial for
converting frequency variations into either amplitude modulation or polarization rota-
tion of transmitted light. Doppler-free spectroscopy offers a sharp resonance with a cut-
off frequency typically below 10MHz. In contrast, Doppler-broadened resonances present
higher cut-off frequencies but a diminished resonance slope, leading to a trade-off between
broader bandwidth and high sensitivity. Given that our primary focus is on Jupiter and the
Sun, it is prudent to employ a Doppler-free scheme along with a narrow natural linewidth
transition.

Second, the bandwidth of the photodetector defines the analog limitations of the ap-
paratus, thereby constraining the detectable frequency range. In [14], the photodetector
exhibited a cut-off frequency of 100 MHz (4 - 1077 eV).

Another factor is the digitizer sampling frequency, which determines the Nyquist fre-
quency, thereby setting the upper limit of measurable frequencies. Faster digitizers can
capture higher frequencies, but this comes at a cost of increased power consumption and
reduced data acquisition time due to the system random access memory (RAM) limita-
tions. Therefore, it is important to balance the digitizer speed and RAM capacity to opti-
mize performance.

A major consideration for space-borne missions collecting significant amounts of data
is the modest data rate that can be transmitted to Earth, typically below 100 kbps. This
means that the data need to be pre-processed on the spacecraft, ideally, in real time to
avoid storage and ensuring continuous operation of the detector. In fact, this is also how
it was done in the lab experiments [14] using the Fast Fourier Transform (FFT) algorithm.

Given a fixed processor performance, the execution time of the FFT increases propor-
tionally to N'log(N), where N is the number of data points. Assuming unlimited RAM
and that the data acquisition time equals the FFT execution time, the maximum feasible
sampling rate is proportional N/(Nlog(N)) = 1/log(N). From these conditions, we can
find a balance between data-acquisition time (which determines FFT resolution) and the
achievable sampling rate for a given central processing unit performance.

We conduced a benchmark test, in which a 1.2 GHz Allwinner H3 quad-core ARM
Cortex-A7 processor with 512 MB of RAM was able to perform an FFT of 223 samples
within 10 s using only a single core and consuming less than 10 W of power. This in-
dicates that the system can handle a Fourier transform for 10 s of data acquisition at a
sampling rate of 800 kS/s with a spectral resolution of 0.1 Hz. It is expected that more ad-
vanced space-qualified electronics will significantly outperform this benchmark, and both
spectral resolution and sampling rate could be significantly improved.

For a space apparatus going to Jupiter, an attractive approach is to use a Doppler-free Cs
spectroscopy scheme, similar to that described in [13] or [14] (Apparatus A). The reason-
able amount of acquiring data points per spectrum is the same as in [14], specifically 228,
which requires approximately 16 GB of memory for both data acquisition and processing.
With a sampling rate of 100 kS/s, the acquisition time would be around 45 minutes, pro-
viding a resolution of approximately 0.37 mHz. This resolution enables detection of dark
matter signals within the Jupiter halo, allowing for the lineshape to be resolved with an ex-

pected quality factor (Q-factor) on the order of 10”. To achieve this frequency resolution
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the system has to be provided with a reference clock with accuracy better then 10~ over
the data acquisition time. These requirements are well within modern capabilities.

Of primary interest for us in this work are the relatively low frequencies (< 20 kHz cor-
responding to UBDM-particle mass of < 10710 eV), where the largest enhancements due
to Sun and Jupiter are expected (see Figs. 1 and 2). This regime is complementary to that
in [14], where the measurement of frequency modulation of cesium was limited from the
bottom by 20 kHz (8 - 107! V). The atomic transition frequency was compared to that of
a laser stabilized in its own cavity or a Fabry-Pérot reference cavity. The lower limit of the
frequency span was defined by the mechanical wave propagation in the spacer between
the cavity mirrors. Below this frequency, the fine-structure constant and the electron-mass
variations impact not only the atomic transition but also the size of the cavity. This must
be considered during result interpretation [63].

In the range of 0 to 20 kHz, numerous sources of mechanical vibrations can interfere
with the measurement. To operate effectively within this range, the optical cavity and the
entire system must be isolated from environmental influences. This problem should be
tractable in space via a combination of isolation and vetoing data recorded during the

operation of noisy equipment such as the operation of orbit-correction systems.

5 Proposed space-borne experiments

We propose to incorporate detectors of UBDM-induced fast apparent oscillation of fun-
damental constants in the future space missions in the Solar System, in particular, the
Jupiter and solar ones. A dedicated Cs atomic spectrometer as described above is a good
candidate, although other atomic and molecular systems should also be considered, with
molecular systems particularly sensitive to variation of nuclear mass.

Because this kind of atomic or molecular spectrometer is designed for a search for a
narrow (8f/f <« 107) at frequencies above the typical 1/f-noise “knee’, the setups tend to
be technically simpler than high-precision atomic clocks and offer straightforward paths
towards miniaturization and power consumption dominated by the laser source (with out-
put power in the milliwatt range). Moreover, the basic hardware is not much different from
what is used for laser stabilization in conjunction with atomic clocks, magnetometers and
other atom-based sensors, including cold atom based setups.

It is important to note that, in addition to the scalar couplings leading to apparent oscil-
lation of fundamental constants accessible with the spectrometers discussed above, other
couplings will be accessible with other types of sensors. For example, atomic magnetome-
ters are sensitive to gradients of pseudoscalar fields as well as spin-one fields (such as the
dark or hidden photon). Thus comprehensive direct halo searches with multisensor space

missions can be envisioned.

6 Conclusions

In this work, we show that space missions with various quantum technologies enable
density-enhanced searches for a broad range of dark matter masses maximizing the dis-
covery potential. Atomic and molecular spectroscopy technologies described in this work
enable sufficiently compact dimensions and modest power requirements so that they can

be incorporated in future planetary missions.
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Appendix A: Direct capture as formation mechanism for Jupiter-bound halo

In the mechanism of Ref. [11], the self-interactions in Eq. (1) give rise to 2 — 2 scattering
of ¢ particles in the gravitational field of the central body. The formation of a dense grav-
itational atom by this process is of astrophysical interest, given two conditions. First, in
order for the 1/r approximation of the gravitational potential to be a reasonable approxi-
mation, we require

R, = (mga)' 2 R. (A1)
Second, in order for rapid capture on astrophysical timescales, significant gravitational

focusing of the field is necessary, which is active only when the de Broglie wavelength of
the incoming DM is larger than R, [64], or equivalently [11]

M z Vdm . (AZ)
27w Gmg

The self-interaction strength is important for setting the timescale for the formation
of the gravitational atom, and is parameterized by the dimensionless coupling —mé/faz.
We summarize the parameter space of my and f; in Fig. 3, highlighting several relevant
features. The solid line shows the relation 7,¢ = 4.5 Gyr, where the relaxation time of the
ultralight scalar field is given by [65-71]

64m3)ﬂl4vﬁm

’ (A.3)
Plocal

Trel =

The value of 4.5 Gyr is chosen as a proxy for the lifetime of the solar system. On the
other hand, the gray shaded region indicates the constraint from large-scale structure; in
this range, sufficiently-strong self-interactions can enhance or suppress the matter power
spectrum on scales larger than Mpc, in conflict with observation [72—74]. Importantly, a
relaxation time below ~few Gyr is possible in the allowed region of parameters.

For illustration, the horizontal arrows labeled by central objects (e.g. “Sun”) show the
range of m, in which a bound state can exist and have density greater than the background
value pjocal (c.f. Figure 1); the gray arrows show the full range, whereas the black arrows
show the range satisfying the conditions in Eq. (A.1)-(A.2).

For the Sun, these conditions are simultaneously satisfied for 1072 eV < m,, <1071 eV
[11], whereas for the Earth and the moon they are not satisfied for any . In this Ap-
pendix we explore the range of applicability for a gravitational atom surrounding Jupiter.
By computing the total captured density over 4.5 Gyr, Jupiter’s approximate lifetime, we
illustrate the maximum Jupiter-bound halo density by the red lines in Fig. 4. These lines
are labeled by the value of f;, and are cut off by the dotted lines where p, = p. in Eq. (4).

Appendix B: Constraints on the DM density around the solar system
Here we review the most relevant observational constraints of interest for this work. These
constraints depend importantly on the scale of the overdensity, whether it be ~AU as for
solar-bound DM or much smaller for planet-bound or moon-bound DM.

On AU scales, precise ephemerides of solar system objects lead to constraints on dark
matter centered around the Sun. These constraints are at the level of p < {107, 10°,
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Figure 3 The line corresponding to relaxation time t,¢] = 4.5 Gyr in the space of decay constant f, and
UBDM mass mg. For comparison, the arrows indicate the region of interest for a gravitational atom bound to
the objects we consider in this work (see text for details). The gray shaded region is constrained by large-scale
structure surveys

10%¢
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Figure 4 The density bound to Jupiter after 4.5 Gyr for DM capture via self-interactions [11], assuming a
decay constant f, as labeled. The critical density p. and background density pqm are given by the dashed
lines. For mg < 107" eV the growth is slow due to kinematic suppression (gray shaded region) and the
density saturates to the lower red line (see [11] for details)

10%} p1ocal at the position of Mercury, Earth, and Saturn (respectively), with similar lim-
its also at the positions of Venus, Mars, and Jupiter [53]. The overdensities for the most
distant planets (Uranus and Neptune) have been constrained similarly at the level of
0 <107 procal [51, 52]. Recently it was shown that precision asteroid tracking can set a com-
petitive constraint on AU scales as well [54], providing the possibility of improvement in
the near future.

For DM centered around the Earth, the total bound DM mass M, can be constrained
by comparing the orbit of the moon with objects in low-Earth orbit, e.g. the LAGEOS
satellite. A total DM mass M, = 4 - 10~ Mg would modify the relative orbits of the moon
and LAGEOS satellite [55]. For comparison, at the orbital radius of LAGEOS (of the moon)
this corresponds to a maximum density of order p >~ 10" pjocal, obtained for My = 102 eV
(p = 10" pjocar for my >~ 107°€V). This constraint can be approximately extended to a
moon-centered halo, as O(1/2) of the bound DM mass would lie between these orbits, at

least for R, < Rg_moon, the Earth-moon distance.*

4The fraction is smaller than 1/2 for Ry > Rg-moon, making this estimate conservative.
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Moons and satellites around other planets (besides Earth) should give rise to analogous
constraints, though to our knowledge no precise analysis of this kind has so far been per-
formed. In particular, precise tracking of Jupiter’s largest moons should give rise to rel-
evant constraints. Beyond naturally-occurring satellites, the Juno mission [75] would be
a particularly promising for probing the DM density around Jupiter, a topic we hope to
return to in the near future.

Abbreviations
DM, Dark matter; AU, astronomical units; UBDM, ultralight bosonic dark matter; RAM, random access memory; FFT, Fast
Fourier Transform.
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