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Dark compact objects (“clumps”) transiting the Solar System exert accelerations on the test
masses (TM) in a gravitational-wave (GW) detector. We reexamine the detectability of these clump
transits in a variety of current and future GW detectors, operating over a broad range of frequencies.
TM accelerations induced by clump transits through the inner Solar System have frequency content
around f ~ puHz. Some of us [Fedderke et al. Phys. Rev. D 105, 103018 (2022)] recently proposed a
GW detection concept with pHz sensitivity, based on asteroid-to-asteroid ranging. From the detailed
sensitivity projection for this concept, we find both analytically and in simulation that purely
gravitational clump—matter interactions would yield one detectable transit every ~ 20 yrs, if clumps
with mass mq ~ 10" kg saturate the dark-matter (DM) density. Other (proposed) GW detectors
using local TMs and operating in higher frequency bands, are sensitive to smaller clump masses
and have smaller rates of discoverable signals. We also consider the case of clumps endowed with
an additional long-range clump-matter fifth force significantly stronger than gravity (but evading
known fifth-force constraints). For the uHz detector concept, we use simulations to show that, for
example, a clump-matter fifth-force ~ 10% times stronger than gravity with a range of ~ AU would
boost the rate of detectable transits to a few per year for clumps in the mass range 10" kg < ma <
10* kg, even if they are a ~ 1% sub-component of the DM. The ability of yHz GW detectors to
probe asteroid-mass-scale dark objects that may otherwise be undetectable bolsters the science case

for their development.
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CONTENTS I. INTRODUCTION

Introduction 1 The direct detection of gravitational waves (GWs)
by the LIGO/Virgo Collaborations [1, 2] has opened
Heuristic Sensitivity Estimate 3 a new window through which to observe the Universe.
The (O(100) compact-object merger events that have
Matched-Filter Search 7 since been observed [3-5] have provided insight into
such varied topics as massive black-hole populations
) and formation histories [6]; the synthesis of heavy el-
Fifth Force 10 ements in the Universe [7]; precision measurements of
the speed of propagation of gravitational disturbances [8]
. Conclusions 14 and of dynamical, strong-field general relativity [9, 10];
and new ways to measure the Hubble constant [11-15].
Acknowledgments 14 While ground-based laser interferometers such as the
LIGO/Virgo/KAGRA [16] network are sensitive to GWs
L. . in the ~ 10Hz-10kHz frequency band, existing pulsar
- The Improved Heuristic Estimate 14 timing arrays (PTAs) [17-21] are sensitive to nHz—pHz
GW signals. These PTAs are also beginning to observe
. Some Technical Simulation Details 15 an interesting common-spectrum process [21-24], which

1. A ‘Trick’ to Avoid Spectral Leakage 15 could be the herald of further discoveries to come.
2. Extraction of Rate from Simulations 16 A wide array of concepts is proposed and/or under
development to cover as much as possible of the GW
References 17 frequency range between PTAs and ground-based laser

interferometers, including ideas based on astrometry [25—
33|, ranging between asteroids [34], studying orbital per-
turbations of astrophysical binaries [35, 36|, and future
atomic [37-45] or laser [46-54] interferometers on Earth
or in space. Other space-based proposals include us-
ing atomic clocks on orbit [55, 56] and deploying lunar
GW detectors of various types [57-63]; studies of ground-
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based detectors with coverage at higher (MHz-GHz) fre-
quencies have also been undertaken, see, e.g., Ref. [64] for
a recent review. While many exciting lessons await from
further observations of merging binaries (e.g., informa-
tion regarding gaps and structure in the compact-object
mass distribution [65-68], including implications for new
physics [69, 70]) or future measurements of stochastic
GW signals, it also behooves us to consider other discov-
ery opportunities that existing and proposed GW detec-
tors enable.

In this work, we revisit an old idea [71, 72] to use GW
detectors to search for the nearby passage of a massive,
compact object (see also Refs. [73-76]). Such a passage
would induce a time-dependent change to the test-mass
(TM) separation in the GW detector via the gravita-
tional (or any additional force) interactions between that
object and the TMs. For concreteness, we will consider
the sensitivity of GW detectors to macroscopic compact
dark matter (DM) “clumps” in the broad mass range
of 1-102kg ~ 1073910710 My; see also Refs. [77-81]
for related work on searching for DM clumps at the up-
per end of this mass range with PTAs, Ref. [82] for
searches in the kg-range with ground-based laser inter-
ferometers, and Ref. [83] for a proposal to search for
1013-10¥ kg ~ 1071710~ My, DM clumps via stellar
shocks. Our analysis is insensitive to the nature of these
clumps, and encompasses possibilities such as (primor-
dial) black holes [84-100] and composite DM objects like
blobs/nuggets [101-111], as long as they are stable and
dense enough not to be tidally disrupted during their pas-
sage through the inner Solar System. Our analysis also
readily extends to other, non-DM objects: e.g., rogue
asteroids such as ‘Oumuamua.

DM clumps and other interstellar objects have typical
speeds of order v, ~ 1073 ¢ relative to the Solar System.
The transit of such objects through the inner few-AU
region of the Solar System takes T ~ 10%s, placing
the frequency content of the corresponding signal
in a GW detector squarely in the 0.1-10 xHz band.
Refs. [71, 72] considered a LISA-like detector, but used
overly optimistic estimates for the low-frequency noise.
In particular, the stability of human-engineered TMs
in space (at least those feasible with state-of-the-art
technology) severely limits the sensitivity of such a
detector below the mHz range, as demonstrated by
the LISA Pathfinder mission [49, 112]. Much smaller
low-frequency acceleration noise of local TMs could
potentially be achieved for TMs that are much more
massive than those that can be launched from the
ground. Ref. [34] showed that certain asteroids in
the inner Solar System can be sufficiently stable to
serve as excellent TMs for GW searches in the pHz
band, with the GW detection implemented by direct
asteroid-to-asteroid ranging via deployed laser or radio
links. For carefully chosen asteroids, the dominant noise
source limiting the stability of the asteroids as TMs
at frequencies < pHz is the so-called “asteroid gravity
gradient noise”, which was characterized in Ref. [113].

This fundamental, unshieldable noise source (the compu-
tation of which in Ref. [113] applies to all GW detectors
with both ends of the baseline confined to the inner
Solar System) is due to the gravitational acceleration
of the TMs induced by the O(10°) other inner Solar
System asteroids.  Its origin is hence conceptually
similar to the TM acceleration signal arising from the
close passage of a compact object we are attempting
to search for. The recently improved understanding
of the relevant noise sources in the pHz frequency
band [113] as well as the rich diversity of existing
and proposed local-TM-based GW detector concepts
across the GW frequency landscape from pHz up to
kHz and beyond makes this an opportune moment to
reconsider the sensitivity of GW detectors to DM clumps.

In Sec. IT we discuss an heuristic estimate of the sensi-
tivity, through purely gravitational interactions, of GW
detectors to the passage of compact objects through the
inner Solar System. This estimate allows us to compare
the reach of different detectors and to understand why
a uHz GW detector, such as one based on asteroid-to-
asteroid ranging [34], is particularly well-suited for such
a search. Assuming that the clumps make up a fixed
fraction (or all) of the DM, we show that the higher the
frequency at which a detector operates, the smaller the
clump masses it is sensitive to. Due to the parametric
scaling of the strain sensitivity of proposed detectors with
GW frequency and baseline length, among the detectors
and concepts that we consider, the rate of discoverable
signals is highest for the asteroid-ranging proposal. A
detector operating in the pHz range would be most sen-
sitive to clumps in the 10'3-10'6 kg range. Taking the es-
timated sensitivity from Ref. [34] for the asteroid-ranging
concept, the rate of discoverable signals could be as large
as ~ 5 x 1072 yr~! for clump masses ~ 10 kg, assum-
ing that these clumps make up all of the DM. Detectors
operating in the kHz band (e.g., ground-based laser in-
terferometers) are best suited to search for clumps with
masses in the 10-10* kg mass range; the rate of detectable
signals in a detector with the sensitivity of the Einstein
Telescope [51] or Cosmic Explorer [52] proposals could
be as large as 2 x 1072 yr=! for ~ 102 kg clumps making
up the DM. Detectors operating at intermediate frequen-
cies, such as space-based laser (e.g., LISA [48] or Tian-
Qin [46]) or atom interferometers, would be most sensi-
tive to clump masses in between these ranges, but the
expected rate of discoverable signals tends to be smaller
than those for the asteroid ranging or next-generation
ground-based laser-interferometer proposals. However,
detectors operating in different frequency ranges are com-
plimentary, as they are sensitive to clumps of different
masses.

In Sec. IIT we then focus on the asteroid-ranging con-
cept of Ref. [34] and present an improved sensitivity es-
timate based on a matched-filter search, again assuming
purely gravitational interactions of the transiting com-
pact object and the detector TMs. We present the results



of a Monte Carlo simulation we implemented in order to
calculate the sensitivity. This simulation accounts for the
distribution of trajectories that DM clumps would take
through the inner Solar System. We consider both a
toy example of ranging two (fictitious) asteroids located
0.5 AU from the Sun and separated from each other by
1 AU, and a more realistic setup of ranging between two
known asteroids with appropriate properties to serve as
good TMs, 433 Eros and 2064 Thomsen. The projected
sensitivities we find from this analysis are in good agree-
ment with our heuristic estimates in Sec. II.

In Sec. IV we entertain the possibility of a stronger-
than-gravity long-range fifth force between SM particles
and DM clumps. Such a fifth force would have multi-
ple interesting effects: while the force could obviously
enhance the signal from a passing clump in the aster-
oid GW detector, there would also be a relevant focusing
effect on the clump trajectories through the inner So-
lar System due to the fifth-force interaction between the
clumps and the Sun. The latter effect reinforces the for-
mer, leading overall to a vastly enhanced detectable rate
of transits, as high as a few per year for some parameter
choices, even assuming that the clumps comprise only a
O(1%) fraction of the DM.

We conclude in Sec. V.

II. HEURISTIC SENSITIVITY ESTIMATE

Let us discuss a rough estimate of the sensitivity of a
GW detector to the passage of a clump in order to gain
some intuitive understanding of the sensitivity. As noted
above, this search will be insensitive to the nature of these
clumps as long as they are stable and dense enough not
to be tidally disrupted during their passage through the
inner Solar System. Throughout this work, we denote
the mass of the clump by mg;, and its speed relative to
the detector by ve. The acceleration® such a clump will
exert on a TM when the distance of the clump to the TM
is r is then

Gchl

2 ’ (1)

a ~

r

where G is the gravitational constant. A GW detector
does not measure the absolute acceleration of a TM, but

1 It is well-known that the Shapiro effect resulting from a clump
passage anywhere along the baseline also gives a potential sig-
nal [78]. We have checked that, for the asteroid-ranging proposal
of Ref. [34] that we study most carefully in this work, the rate
of detectable DM clump transits via the Shapiro effect is highly
suppressed as compared to the direct acceleration effect. This is
because the clumps must be much more massive to generate a
detectable Shapiro-delay signal. With very long baselines, such
as in PTAs, close passages anywhere along the baseline can com-
pensate the rate loss from the more massive clump (see, e.g.,
discussion in Ref. [80]); for the baselines we consider here, how-
ever, such a compensation does not occur.

rather the relative acceleration between two TMs. If we
denote the separation of the TMs by L, the relative ac-
celeration between the TMs from the passage of a clump
will be

1 1 Gchl . 2L
Aa ~ Gchl (1"2 — 2) ~ ’["2 min (17 'I"> ’ (2)
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where 7; is the distance of the clump to the i-th TM. In
the second expression in Eq. (2), r denotes the distance
between the clump and the closest TM. The precise form
of the appropriate approximation depends on the relative
orientation of the clump trajectory to the TMs; qualita-
tively, however, the relative acceleration is simply given
by the acceleration of the closer TM for r < L, while for
r 2 L, one picks up a tidal suppression factor of ~ L/r.
As we will see below, GW detectors will mostly be sen-
sitive to encounters with r < L.

In order to gain intuition for the sensitivity of GW de-
tectors to such accelerations, let us convert this into a
“strain” signal; i.e., into the integrated fractional change
of the separation between the two TMs. We note that,
when searching for clumps, the acceleration is a more
natural quantity to consider than the strain; when dis-
cussing the matched-filter search in Sec. III, we will do
so in terms of the acceleration. However, for pedagogical
purposes, it useful to think about the signal in terms of
the strain.

Suppose that the clump passes the detector such that
the smallest distance between the closest TM and the
clump on its trajectory is d. Given that the clump has
speed v relative to the detector, the strain signal will
be peaked at the frequency

Vel

fpeak ~ ord (3)

The strain induced by such a signal is then

Aa Gchl min (1, 477prcak> ) (4)
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Note that as long as r < L, such that the acceleration is
not in the tidal limit (i.e., the “min” expression is equal to
1), the induced strain is independent of r; this is because
the dependence of the relative acceleration of the TMs
on 7 (Aa o< 772) is cancelled by the time it takes the
clump to pass by the detector (1/fpeak o 7).

We can invert these expressions to derive an heuris-
tic estimate for the sensitivity of a given GW detec-
tor. A GW detector with baseline L and characteristic
strain sensitivity curve h.(f) is sensitive to clumps com-
ing within a distance

Ucl

~ o f’ (5)

provided that they have a mass

; v3h L v
Ml Z mérlun = %max (1, 47‘(2]”) . (6)




We can use Eq. (5) to eliminate f in favor of d in Eq. (6)
and compute mX3"(d) for any detector. Assuming the
clumps have a local mass density p., we can estimate
the rate of discoverable signals as

min (1, 4””)

LF%ha(f)

The latter form of this expression is useful to directly cal-
culate the rate of discoverable signals from the detector
characteristics, although it obscures that detectors are
sensitive to different m’gl‘i“(d), depending on the frequen-
cies at which they operate.

We are now in a position to estimate the sensitivity of
different detectors. Assuming that the clumps make up
the DM, we will use a typical speed of v, = 300km/s
and assume a local mass density of pg = 0.3 GeV/cm?.
To start, let us consider the asteroid-to-asteroid rang-
ing proposal of Ref. [34], with a baseline of L ~ 1AU
and optimum strain sensitivity of hP' ~ 5 x 10720 at
fopt ~ 10 uHz. This corresponds to the peak frequency
of the signal from a clump coming withing d ~ 0.03 AU of
the detector (note that d <« L; the TM acceleration sig-
nal is thus clearly not in the tidal limit). This strain sen-
sitivity corresponds to a minimal detectable clump mass
min ~ 5 x 10718 Mg, ~ 10¥ kg, and we would expect
such encounters to occur with a rate of N ~ 0.04yr~.
However, inspecting Eq. (7) we can see that this is
not quite the frequency (and, in turn, clump mass) for
which we find the largest rate: since N o< f~2h;1(f),
the rate continues to increase for fpeak < fopt, until
a corner frequency f.,, at which the detector sensitiv-
ity curve h.(f) starts degrading faster than h. oc f~2.
For the asteroid-ranging proposal, fen, ~ 3 uHz, giving
he™ ~ 5 x 10719, Taking f = fen, in Eqgs. (5)—(7) then
gives mMiM ~ 5x 10717 My, &~ 101 kg, deny ~ 0.1 AU, and
a signal rate of Ng ~ 0.05yr~! (i.e., ~ 1 detectable event
every ~ 20yrs). It is amusing to note that the asteroid-
to-asteroid ranging proposal would be most sensitive to
DM clumps with asteroid-like masses.

Let us now compare these results for the asteroid-
ranging proposal with other GW detectors. All other
existing or proposed detectors with all of their TMs lo-
cated in the Solar System are aimed at higher frequen-
cies. From Eq. (5), we can immediately see that a detec-
tor optimized for higher-frequency signals will see clumps
passing closer to the detector: d o 1/fop. The opti-
mal characteristic-strain sensitivities of different exist-
ing or proposed detectors lie very roughly along a line
hPt o 02)(2‘7. At the same time, the larger the frequency
for which a detector is optimized, the shorter its base-
line: approximately, detectors are designed® with L ~

Pel G NUciPel

m?llin 47

Ncl ~ 7Td2’l)cl

(7)

2 Atom interferometer based detectors tend to violate this scaling;
the baselines of the proposed detectors [37-45] are typically much
shorter than those of a laser interferometer aimed at the same
frequency range.

4

Lopt o< fofpi With Eq. (6), we then see that detectors
at higher frequencies will be sensitive to smaller clumps:
M o ROPY Lo~ fo_pij. However, from Eq. (7), we
see that this scaling leads to loss in signal rate with
increasing frequency: N¢ o L;pltfo;zt(hgpt)_l ~ f(;p(zj
Therefore, detectors operating at higher frequencies will
typically be sensitive to smaller clump masses and thus
complementary to a detector operating in the yHz range;
however, the expected signal rate (assuming the same
clump velocity distribution and mass density) will be

lower.

For a more quantitative comparison of the sensitiv-
ities of different existing or proposed detectors to DM
clumps, we show their projected sensitivities computed
via Egs. (5)—(7) in Fig. 1. Projections are given for: (i)
the asteroid-to-asteroid ranging proposal for a baseline
of L ~ 1 AU, using the sensitivity curve from Ref. [34];
(ii) a LISA-like detector with L = 2.5 x 10%km, with
sensitivity as projected in Ref. [114]; (iii) an aLIGO-
like detector with L = 4km and sensitivity taken from
Ref. [115]; (iv) MAGIS-1km as an example of an ground-
based atom interferometer with L = 1km and sensitivity
based on Ref. [45]; and (v) Einstein Telescope (ET) with
L = 10km and strain sensitivity taken from Ref. [116].
These projections should be understood as approximate,
order of magnitude estimates: e.g., in Fig. 1 we do not
account for the velocity distribution one would expect for
DM clumps, nor for the orientation of the clump trajec-
tory relative to the detector, nor indeed for the geome-
try of the TMs in the detector. Moreover, the particu-
lar detectors or concepts we selected were chosen merely
as representative examples spanning a wide range of fre-
quencies and detector technologies; e.g., Cosmic Explorer
would have comparable reach to our projections for Ein-
stein Telescope, TianQin’s sensitivity would be compa-
rable to that of LISA, and other ground-based atom in-
terferometer proposals [39, 41, 44] have projected sensi-
tivities similar to MAGIS-1 km.

A further comment on our sensitivity estimate is in or-
der. In Fig. 1, we show the sensitivity projections based
on the strain at the peak frequency of the signal, Eq. (3),
by the dashed lines. However, this estimate is too con-
servative for clumps with fpeax > fopt for a given detec-
tor; i.e., it underestimates the sensitivity to clumps with
smaller masses. For simple orientations of the clump tra-
jectory relative to the detector, one can calculate the
Fourier transform of the (single TM) acceleration signal
analytically (see e.g., Refs. [71, 76]): one finds that the
acceleration power spectral density, to which we will re-
turn in Sec. I11, is approximately flat for f < fpeak- Using
matched-filter arguments (see Appendix A), this observa-
tion can be shown to enhance the detectablility of signals
with fpeak > fopt as compared to the estimate given at
Eq. (6): up to O(1) factors, the parametric replacement
in Eq. (6) is he(f) = (f/f) X he(f), where f denotes the
frequency at which fh.(f) is minimized for a given detec-

tor. This leads to the parametric scaling m™" o d when

fpeax(d) > f. In terms of the rate of discoverable signals,
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FIG. 1. Sensitivity results using the estimate discussed in Sec. II. The dashed lines give the estimate based on the strain signal
induced at fpeak only, while the solid curves show our improved projections taking into account the induced signal at frequencies
f < fpeak, as discussed in the text. The different colors correspond to different existing or proposed GW detectors as indicated
in the legend: the asteroid-to-asteroid ranging proposal (“Asteroids”), space-based (LISA) and ground-based [advanced LIGO
(aLIGO) and Einstein Telescope (ET)] laser-interferometers, and the ground-based atom-interferometer proposal MAGIS-1km.
LEFT PANEL: Smallest clump mass m™® for a given point of closest approach to the detectors TMs d that would lead to a
discoverable signal assuming a relative speed of the clump to the detector of v; = 300 km/s and purely gravitational interactions
between the clump and the detector TMs. RIGHT PANEL: Rate of discoverable (SNR > 1) signals N assuming that clumps of

mass m. make up all of the DM, p. = 0.3 GeV/cmS.

this implies No « d o me for me < m’gfi“(fpeak = f)
This improved sensitivity estimate is shown by the solid
lines in Fig. 1.

Let us focus on the sensitivity of the different existing
or proposed detectors in terms of the rate of discover-
able signals as a function of the clump mass, shown in
the right panel of Fig. 1. As we stressed above, we see
that detectors operating in different frequency ranges are
sensitive to different clump-mass ranges. The detectors
operating at the highest frequencies we consider here are
the ground-based laser interferometers aLIGO and ET,?
which have the highest rate of discoverable signals for

3 We note that a detectable passage of a less massive object by
the higher-frequency, ground-based detector networks such as
aLLIGO and ET can be required to be so close to the individual
detectors in the network that the signal may not appear coinci-
dentally in all the detectors: i.e., maximal values of d can be such
that individual transits may be detectable in one detector and
not the others in the network. Tailored searches for such non-
coincident, impulsive events would thus be required. Of course,
for the regions of parameter space that lie in this ‘independent

me ~ 102-10% kg; by contrast, the asteroid-ranging con-
cept is the lowest-frequency detector we consider, with
largest N to clumps with masses mq ~ 10'%kg. As
we argued above, the scaling of the strain sensitivity
of the different detector concepts in the different fre-
quency bands generally leads to the rate of discoverable
signals being larger in detectors optimized for lower fre-
quencies (which are sensitive to heavier clumps). Note
that the projected strain sensitivity of third-generation
ground-based laser interferometers almost overcomes this
trend: the rate of discoverable signals in ET is almost as
large as for the asteroid-ranging proposal.

The scaling of the discoverable rate N¢ with mg for
a given detector is straightforward to understand from
the arguments we presented above. Around the maxi-
mum of the N¢(me) curves in the right panel of Fig. 1,
the exact shape of the curve is dictated by the shape

transits’ limit, overall network event rates would be increased by
the number of individual detectors in the network.



of the detector’s characteristic-strain sensitivity he(f).
At smaller m¢;, where the improved (solid lines in the
right panel of Fig. 1) sensitivity estimate deviates from
the overly conservative estimate based on the strain at
fpeax only (dashed lines), the improved sensitivity esti-
mate scales as Ncl & M, as argued above (see also Ap-
pendix A). For larger clump masses, on the other hand,
a detector becomes increasingly sensitive to clumps pass-
ing the detector at greater and greater distances, lead-
ing to smaller and smaller fpecak. Eventually, the sig-
nal will be peaked at frequencies fpeax(d) < fii", where

Win jg the smallest frequency for which published noised
curves are available for a detector. However, this does
not imply complete loss of sensitivity, just a break in
the scaling: fixing d to maintain fpeax(d) ~ fIn leads
to our sensitivity forecast scaling as Ncl(mcl) x 1/mq
owing to the smaller number density of more massive ob-
jects; see Eq. (7) for fixed d. This behavior can be seen
for the LISA projection at my > 10'*kg in the right
panel of Fig. 1; for the other detectors, this transition
occurs outside the plotted range of N. Finally, we can
note that the scaling of Ng(me) for the MAGIS-1km
case differs somewhat from the other detectors: MAGIS-
1km (and other proposed atom-interferometer detectors)
plan(s) to utilize TMs with much smaller separation com-
pared to the (inverse) frequency band for which they are
optimized than all other detector concepts for which we
show projections in Fig. 1. As a consequence, MAGIS-
1km is in the tidal limit for its sensitivity to clumps with
mea 2> 100kg, which is below the value mg ~ 10°kg
for which the (non-improved) sensitivity estimate based
on the strain at fpeax becomes maximal. This results in
scalings mgfi“ o d? and N o< (me)? between these two
masses. All other detectors for which we show results in
Fig. 1 enter the tidal limit only for their sensitivity to
clumps with masses larger than those for which we find
the largest Ncj(me).

We note that the signal from the passage of an exotic
DM clump in a GW detector can be degenerate with the
signal from the passage of ordinary objects such as inner
Solar System asteroids. In the non-tidal limit (d < L),
scaling the mass of a transiting object as m o< v? and its
closest-approach distance as d « v yields the same signal
waveform for objects transiting at different speeds v; see
Egs. (5) and (6). A closer and less massive ordinary aster-
oid (slower moving) could thus be mistaken for a more
distant and more massive DM clump (faster moving).
This degeneracy is broken when both TMs respond non-
trivially to the clump passage (i.e., in the tidal limit). Of
course, in the degenerate case, optical follow-up is possi-
ble for an ordinary asteroid, and would allow discrimina-
tion of these possibilities [71, 72]: nightly all-sky surveys
such as ATLAS [117] suffice to pick up the larger aster-
oids that the asteroid-ranging detector would be sensitive
to (we estimate this is possible down to ~ 3km asteroid
diameters, assuming they are at the closest part of the
inner edge of the Main Belt). Future deep, wide field-
of-view images from Rubin Observatory [118] will enable

southern-sky optical follow-up for asteroids as small as
150 m in diameter, at similar distances; likewise, the ex-
isting Pan-STARRS instrument [119, 120] continually un-
dertakes wide field-of-view, weekly-cadence, northern-sky
monitoring at higher (i.e., fainter) magnitudes than AT-
LAS, in search of near-Earth asteroids. Targeted optical
follow-up would also be possible.

The sensitivity of the asteroid-ranging detector to
roughly asteroid-mass-scale objects may also be viewed
as a science opportunity: because detector sensitivity to
v ~ 10km/s transits (typical for bound objects in the in-
ner Solar System) shifts to less massive objects as com-
pared to DM clumps owing to the speed scalings dis-
cussed above, we may be able to use such a detector
to augment our knowledge of the incomplete population
census and orbital distributions of the smaller, less mas-
sive asteroids in the inner Solar System.

Concerning the maximal rate of discoverable signals,
we can note from our results in Fig. 1 that, although
in particular next-generation ground-based laser inter-
ferometers such as ET and the asteroid-ranging pro-
posal become tantalizingly close to being able to dis-
cover clumpy DM, the rate of discoverable signals falls
just short of what would be required to probe a scenario
where all of the DM would be comprised of clumps of
a given mass. We find the largest rate of discoverable
signals out of all detectors for the asteroid-ranging con-
cept, Ng ~ 0.05yr~! for mq ~ 10 kg. Such a rate
corresponds to one discoverable signal during a ~ 20yr
mission. The rate of discoverable signals could be larger
than these projections if, for example, the clump density
in the vicinity of the Solar System would be much larger
than our assumption of pe ~ ppy ~ 0.3 GeV/cm?. Cur-
rent measurements of the “local” DM density are sensi-
tive to the average DM density over volumes larger than
~ (100pc)3, leaving open the possibility that the DM
density in the close vicinity of the Solar System is much
larger than 0.3 GeV/cm3; for instance, we could be in a
DM stream or other over-dense sub-structure [121, 122].

Another possibility for a larger rate of discoverable sig-
nals is if there is an additional long-ranged force between
the clumps and ordinary matter (including the detector
TMs), a possibility which we will entertain further in
Sec. IV. If, on the other hand, we maintain our assump-
tion of pe1 ~ ppu ~ 0.3 GeV /cm? and purely gravitational
interactions of the DM clumps with the detector, we can
read off the improvement in sensitivity that would be re-
quired for any given detector concept to achieve any de-
sired rate of discoverable signals. Keeping the baseline L
of a detector fixed but improving the characteristic-strain
sensitivity by a factor x, would shift the corresponding
Neci(me) curve in the right panel of Fig. 1 upwards in
Ncl and leftwards to lower m¢ by the same factor x, as
can be seen from equations Egs. (6) and (7). For exam-
ple, an asteroid-ranging detector with strain sensitivity
improved by a factor of ~ 20 compared to the projec-
tion in Ref. [34] could detect one event per year if all of
the DM is comprised of me ~ 10'3 kg clumps, while a



ground-based laser interferometer with L ~ 10km and
a characteristic strain sensitivity ~ 50 times better than
the projections for ET/CE could detect one event per
year if all of the DM is made up of ~ 1kg clumps.
Finally, it is also worth commenting on PTA sensi-
tivity, as these detectors are in a different class to those
with all their TMs located within the Solar System. PTA
searches for GWs gain an advantage in their strain sen-
sitivity by virtue of being able to consider effective base-
lines up to the GW wavelength, Aqw ~ 2 x 103 AU x
(uHz/ fow). However, as a result of this, the sensitivity
of a PTA to accelerations of the Earth or pulsar (ac-
cessed observationally via the Doppler effect [77, 80, 81])
is, for a given GW strain sensitivity, much poorer than
that of a local-TM-based detector with the same strain
sensitivity: if the local-TM-detector has a baseline L, it
will have a factor of ~ Agw/L > 1 better acceleration
sensitivity than the PTA. As such, PTAs are generally
not well-suited for searching for impulsive acceleration
signals from asteroid-mass-scale DM transits, where the
baseline length is irrelevant to the size of the signal (mod-
ulo the possible tidal nature of the acceleration). PTAs
do however have complementary sensitivity to accelera-
tions caused by transiting objects somewhat more mas-
sive than we consider in this work [77, 80, 81]. There
is also a second signal that PTAs are sensitive to: pul-
sar timing shifts caused by Shapiro delays due to DM
transits close to the Earth—pulsar line of sight. These
are not as severely suppressed as might naively be ex-
pected, owing to the large distance to the pulsars [80];
however, detectable signals typically require even larger
DM masses than the Doppler-based searches [78-81].

III. MATCHED-FILTER SEARCH

So far, we have presented a simplified estimate of the
sensitivity of GW detectors to the passage of a clump.
In this section, we present a more careful estimate of the
sensitivity based on a matched-filter search for the signal
induced by a clump.

Since the precise form of the signal in a GW detector
depends on the detector geometry, we will show quanti-
tative results for only the particular case of ranging the
distance between two asteroid test masses by means of a
direct laser/radar ranging link, as proposed in Ref. [34].
Our formalism is straightforward to extend to more com-
plicated detector geometries. Furthermore, we will ac-
count for the geometry of the clump trajectories relative
to the detector expected for a given velocity distribu-
tion of the clumps, as well as gravitational effects on the
clump trajectories during their passage through the grav-
itational potential of the Sun. We will show numerical
results for the particular case of the clump velocity dis-
tribution following the Standard Halo Model [123, 124];
i.e., a Maxwell-Boltzmann distribution truncated at the
galactic escape speed and boosted into the Solar System
frame. We will assume two possible TM configurations:

a toy example of ranging two (fictitious) asteroids located
0.5 AU from the Sun, separated from each other by 1 AU,
and fixed in space (“Sun-straddling 1 AU baseline”); and
a more realistic setup of ranging between two known as-
teroids with appropriate properties to serve as good TMs,
433 Eros and 2064 Thomsen. The formalism we present
readily extends to any other velocity distribution and lo-
cations of the TMs.

Let us begin by writing Eq. (1), the acceleration a
clump exerts on a TM, more carefully. If we denote the
location of the i-th TM (in any given coordinate system)
as r; and the location of the clump as r.j, the gravita-
tional acceleration of the i-th test mass is

ra(t) — ri(t)

a;(t) = Gymg—m—-"= .
()= Grmar &) —m)P

(®)

A GW detector is sensitive to the relative acceleration of
two TMs projected onto the baseline,

ri(t) —r;(t) } .

[ri(t) —r;(t)]
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This expression readily extends to multiple clumps ac-
celerating the TMs at the same time; to account for this
we simply need to replace a; — a!°* =", a¥(t), where
a’(t) is the acceleration of the i-th test mass by the k-th
clump given by Eq. (8) [with 7o — rk].

In order to perform a matched-filter search, one com-
putes the Fourier transform of Aa,;(¢),

Aai;(f) = / dt ™ Nay(t) . (10)

The signal-to-noise ratio (SNR) p is then [113, 125, 126]
- |~ 2
2_4/df‘Aaij(f)‘ )
S A

where S,(f) is the (one-sided) power spectral density
(PSD) of the relative (baseline-projected) acceleration
noise at the frequency f. For the purpose of this work, we
estimate S, (f) from published strain noise curves. These
are typically published in terms of either the PSD noise
of the strain, Sy (f), or the characteristic strain sensitiv-

ity, he(f), which are related via h.(f) = \/fSh(f); see,
e.g., Ref. [126]. From S}, (or h.) we estimate S, as [34]

Salf) ~ 5 @nf) 128, = 5 (2n) IR, (12)

where L is the length of the detector baseline.

The remaining task to evaluate the sensitivity of a GW
detector to the passage of a clump is to compute the tra-
jectories of the clumps in the vicinity of the TMs; i.e.,
for our purposes of a detector with TMs in the inner
Solar System, to compute r¢(t) through the inner So-



lar System.* To this end, we perform a Monte Carlo

simulation to draw initial conditions for clumps with a
homogeneous density p. and velocity distribution f(wv)
entering a sphere with radius Ry centered on the Sun
[the “trajectory-initialization (TI) sphere”]. We evolve
the orbits from these initial conditions in the (Newto-
nian) gravitational potential of the Sun. For our nu-
merical results, we use a velocity distribution of the
clumps following the Standard Halo Model (SHM); i.e.,
a Maxwell-Boltzmann distribution with velocity disper-
sion o, = 156km/s in the Milky Way (MW) galac-
tic rest frame, truncated at the galactic escape veloc-
ity vese = 544 km/s, and boosted by the Solar System’s
speed vg = 220km/s towards Cygnus in the galactic rest
frame [127]. We normalize the flux of clumps through
the TI sphere to p = k x 0.3GeV/cm?, where & is the
fraction of the DM mass density in clumps. For the pur-
poses of this section, we assume x = 1. More discussion
of the technical details of our calculation can be found in
Appendix B.

In Fig. 2 we show sensitivity projections based on the
matched-filter search. Throughout this work, we will con-
sider a signal detectable if the SNR satisfies p > 1. In
the left panel of Fig. 2 we show the minimal clump mass
required to give rise to a detectable signal as a function
of the smallest achieved distance of the clump to either of
the TMs, m3i"(d), analogous to the left panel of Fig. 1.
Each of the points in this scatter plot corresponds to a
simulated trajectory. The spread in points in the ver-
tical direction (i.e., the range of m™® we obtain for a
given d) is due to the distribution of trajectories: for a
given d, clumps pass the detector with different relative
speeds and with different orientations of their trajectories
with respect to the detector baseline. For computational
efficiency, the computation is split into different inter-
vals in d as indicated by the thin dotted vertical lines
and the different shades of points from different simu-
lations. The results in this panel assume the fictitious
“Sun-straddling 1 AU baseline” configuration (two aster-
oids located 0.5 AU from the Sun, separated from each
other by 1 AU, and fixed in space), and we evolve the
orbits in the gravitational potential of the Sun starting
from a TT sphere with Ry = 15 AU. For comparison, the
dashed black line shows the matched-filter mX3"(d) rela-
tion we find for a particular encounter geometry: choos-
ing a Cartesian coordinate system where the TMs are
located at r; = (£L/2,0,0), we consider a clump pass-
ing the detector with velocity ve = (0,0,vq) and point
of closest approach r¢ = (L/24d,0,0). We compute v
from taking into account the gravitational effects of the
Sun on a clump with asymptotic speed v = 300km/s

4 Note that technically we compute the ré“](t), and, in turn,
Aa;j(t), as discrete time series. The Fourier transform in
Eq. (10) is accordingly replaced by a discrete Fourier transform
and the integral in Eq. (11) by a sum over discrete frequencies.
See, e.g., Ref. [113] for detailed formulae.

relative to the Solar System. The solid magenta line
shows the (improved) heuristic estimate from Sec. II.

In the left panel of Fig. 2, the heuristic estimate, the
result for the particular geometry, and the scatter plots
showing the results from our Monte Carlo simulation,
all agree rather well. This demonstrates first that the
heuristic estimate gives us a good understanding of the
more careful projection based on a matched-filter search,
and second, that our Monte Carlo simulation reproduces
the results from a simpler matched-filter calculation us-
ing a fixed geometry, up to expected spread from dif-
ferent possible clump trajectories for a given d. Tak-
ing a closer look, one can note that the heuristic esti-
mate is overly conservative for clumps passing the TMs
with d 2 0.1 AU, or in terms of the clump mass, for
mmin > 104 kg. As discussed in Sec. II, for d > 0.1 AU
the strain signal is peaked at frequencies fpeax smaller
than the “corner frequency” fen, at which the detector
sensitivity curve starts degrading faster than h. oc f~2.
The reason that the matched-filter search yields better
sensitivity for d 2 0.1 AU than our heuristic estimate is

that the signal Aa;;(f), as given by Eq. (10), falls off
slower at frequencies larger than fpcax than does the de-
tector noise S, (f) in this regime: tail effects not captured
by the heuristic estimate boost the sensitivity. Modeling
this effect in our heuristic estimate would have required
detailed modeling of the frequency content of the signal
and the shape of the detector noise curve; the matched-
filter search by design accounts for such effects.

In the right panel of Fig. 2 we show projections for
the rate of detectable events we expect as a function of
me1, analogous to the right panel of Fig. 1. We show re-
sults from our Monte Carlo simulations for three cases:
the solid red lines show results for the “Sun-straddling
1 AU” baseline configuration with orbits evoloved from
a Ry = 7.5AU TI sphere, while the dashed orange
lines show results for the same TM configuration but
for Ry = 15 AU; finally, the solid blue lines show pro-
jections for TMs that follow (osculating) elliptical or-
bits corresponding to the known asteroids 433 Eros and
2064 Thomsen (see Tab. I in Appendix B2 for details)
and Ry = 15 AU. For comparison, the gray line shows the
projections from our (improved) heuristic estimate from
Sec. II. For the Eros—Thomsen case, the TMs move, and
we have to make assumptions about the duration and
time of the observations; we use a T'= 10 yr mission du-
ration centered on one of the epochs of perihelion passage
of 433 Eros, and all rate results should be understood to
be averaged over that duration.

Comparing the matched-filter projections with the
heuristic estimate, we find good agreement for me <
10' kg; for larger masses, the heuristic estimate of de-
tectable events is overly conservative. This is due to the
reasons discussed in the previous paragraph; i.e., in this
regime, the heuristic estimate does not properly account
for the frequency content of the signal at f 2 fpeak-
Looking at the matched-filter projections for the three
different cases shown in the right panel of Fig. 2, we
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FIG. 2. Sensitivity projections based on our matched-filter search for an asteroid-to-asteroid ranging GW detector [34], assuming
purely gravitational interactions between the clumps and ordinary matter (including the detector TMs). LEFT PANEL: Smallest
clump mass m5™ leading to a detectable signal (defined as having a SNR of p > 1) as a function of the of the smallest
achieved distance d of the clump to either of the test masses. These results assume the “Sun-straddling 1 AU baseline” TM
configuration. Each point in the scatter plot corresponds to a trajectory from a Monte Carlo simulation with a TI sphere of
radius Rp = 15 AU, assuming a clump velocity distribution given by the Standard Halo Model. The different gray-shades of
the clumps delineated by the vertical dotted black lines correspond to different disjoint parts of our simulation; see the text,
and in particular Appendix B2, for a technical discussion including the merging of the different simulations. For comparison,
the dashed black line shows the matched-filter results for the specific ‘selected’ trajectory orientation discussed in the text, and
the solid magenta line shows the (improved) heuristic estimate from Sec. II. RIGHT PANEL: Rate of discoverable signals (p > 1)
Nai assuming that clumps of mass mc have a local density of po = 0.3 GeV/ cm®. The different colored lines show results for
different choices of the simulation setup and the detector TM configuration as denoted in the legend and discussed in the text.
The shaded band around each colored line gives the 1o Poisson error bands for our Monte Carlo simulation. The solid gray
line shows the heuristic estimate from Sec. II.

can first note that the “Sun-straddling 1 AU” baseline
configuration results for the two different choices of Ry
agree excellently with each other. This validates our
sampling of the initial conditions at the TI sphere, a
non-trivial exercise discussed in Appendix B. Compar-
ing the results for this fictitious TM configuration with
the projections for the Eros—Thomsen TM case, we find
that the latter TM configuration performs slightly bet-
ter. We caution that these results should be taken with
a grain of salt; in the absence of dedicated sensitivity
projections for particular TMs (and baseline configura-
tions), we use the same sensitivity curve from Ref. [34]
for both TM configurations. Thus, the only difference be-
tween these two TM configurations is that for the Eros—

Thomsen case, the TMs (and hence the location, length,
and orientation of the baseline) changes with time, while
for the “Sun-straddling 1 AU” case, the TMs are fixed in
space and the baseline has a fixed length of 1 AU. The
moving TMs and, in particular, the different lengths of
the baselines, lead to small differences in the sensitiv-
ity projections. The most pronounced difference is at
me 2, 1019kg. Consulting the left panel of Fig. 2, we
can note that clump masses mq > 10'%kg are still de-
tectable for d = 1AU; i.e., trajectories for which the
interaction with the “Sun-straddling 1 AU” detector en-
ters the tidal limit. For the 433 Eros and 2064 Thomsen
orbits, the length of the baseline changes (slowly) with
time, 1.1 AU < L < 4.6 AU; the time-averaged length of



the baseline is L ~ 3.1 AU. Due to the longer baseline,
the transition from the single-TM-acceleration limit to
the tidal limit of the acceleration signal from the pas-
sage of a clump occurs at somewhat larger d, leading to
improved sensitivity to clumps with m¢ > 1016 kg. Al-
though we do not show the results here, the large-m
limit of the Eros—Thomsen results agrees well with sim-
ulation results for a “Sun-straddling 3 AU” baseline.

Returning to broader considerations of the sensitiv-
ity projections, we repeat our conclusions from Sec. II:
Although the asteroid-ranging proposal becomes tanta-
lizingly close to being able to discover clumpy DM, the
rate of discoverable signals falls just short of what would
be required to probe a scenario where all of the DM
would be comprised of clumps of a given mass. We find a
largest rate of discoverable signals of N ~ 0.05yr~* for
me ~ 10* kg, or one discoverable signal during a ~ 20 yr
mission. These projections are based on a clump density
of pa ~ pou ~ 0.3GeV/cm?, a clump velocity distribu-
tion as given by the SHM, and purely gravitational inter-
actions of the clumps with the TMs. Larger signal rates
are possible if the local DM density in the close vicinity
of the Solar System is larger or if the clumps follow a dif-
ferent velocity distribution. Another possibility leading
to a larger rate of discoverable signals is an additional
long-ranged force between the clumps and ordinary mat-
ter (including the detector TMs), which we will entertain
in the following section.

IV. FIFTH FORCE

So far, we have considered the sensitivity of GW detec-
tors to the nearby passage of clumps that interact purely
gravitationally with ordinary matter such as the detector
TMs or the Sun. In this section, we entertain the possi-
bility that the clumps are comprised of a form of matter
which is subject to an additional long-range force.

There are strong experimental limits on new (long-
range) forces between ordinary (Standard Model, SM)
particles from, e.g., precision tests of the gravitational
law ranging from the micrometer to the few-AU scale
and null-results of searches for violations of the equiv-
alence principle; see, e.g., Refs. [128, 129]. However,
even if the clumps make up all of the DM, constraints on
(long-range) forces between SM matter and the clumps,
or clump-clump forces, are much weaker; moreover,
any such limits disappear entirely when considering the
clumps to make up only a small fraction of the DM, con-
servatively k < 1%.

We will consider a new force between a clump with
mass m. and a SM object with mass M that gives rise
to a Yukawa potential

GymagM
—€
r

Vai(r) = ¢ e (13)

where r denotes the distance between the clump and the
ordinary object, mg is the mass of the particle mediating
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the new force, and £ parameterizes the strength of the
force relative to gravity (at r <« 1/mg). This new force
will have two important effects on the signal such a clump
would induce in a GW detector when passing through the
Solar System. First, the acceleration of the detector TMs
would no longer be given by Eq. (8); instead,

,r.C i —MepTel,i
a;(t) = Gnyme 317 [1 + E(1+myre) e ™ cl,L] ’
clys
(14)
where rq,; = ra(t) — ri(t) and rq,; = |raql. Second,

this new force will modify the clump trajectories through
the Solar System. In our Monte Carlo simulation of
the trajectories, we take into account the effect of the
Sun on the clumps via the new interaction and grav-
ity; we will be interested in long range forces with range
A =1/my 2 1 AU, such that the effect of the Sun—clump
interaction will dominate in the inner Solar System and
we thus we ignore the effects of the planets and other
bodies on the clump trajectories. The effects of the new
force on the clump trajectories are again twofold: the
additional force (a) accelerates clumps as they fall into
the potential of the new force, and (b) focuses the tra-
jectories. In order to illustrate the latter effect, we show
in Fig. 3 the perihelion distribution (i.e., the distribu-
tion of the closest approaches of the clump trajectories
to the Sun) for a fifth force with range A = 3AU and
strength ¢ = 103. The black line shows the histogram
of the trajectories obtained from our Monte Carlo sim-
ulation for orbits with a SHM velocity distribution at a
TI sphere of radius Ry = 22 AU. The gray line shows
the distribution one would obtain without focusing, and
the red- and green-shaded areas highlight the focusing
effect of the fifth force. Note that in the range shown
in Fig. 3, the perihelion distribution for the same ini-
tial conditions but with gravity-only interactions (as in
Sec. III) would look indistinguishable (up to statistical
fluctuations) from the expectation without focusing.

Before we turn to our sensitivity projections for the
asteroid-to-asteroid ranging proposal to clumps with this
additional fifth force, let us sketch how this force could
arise such that limits on additional forces between SM
particles and on DM self-interactions are satisfied. Con-
sider clumps composed of new constituent particles x
with mass m,, and a new force mediated by a light me-
diator ¢,

7 1
£5—goNN - g'oxx+ Fmie* . (15)

We can then parameterize the new force between or-
dinary nucleons N by as = g¢?/4m, the x—x coupling
by a%, = (¢')?/4mr, and the SM-—x coupling by as =
g9’ /4m. To connect to our notation above, we identify
£ = (as /ag) x (my/my), where we choose ag = Gym
to parameterize the strength of gravity using the gravi-
tational coupling between protons with mass m,. Sim-
ilarly, we can measure the strength of the new SM—-SM
force relative to the strength of gravity with € = as/ag.
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FIG. 3. The black line shows the perihelion distribution of
trajectories from our Monte Carlo simulation for a stronger-
than-gravity (¢ = 10%) fifth force with range A = 3 AU, for
initial conditions appropriate to a SHM velocity distribution
of the clumps at a TT sphere of radius Ry = 22 AU. For com-
parison, the gray line shows the expected perihelion distribu-
tion without a focusing force. The shaded green (respectively,
red) region highlights the excess (deficit) of trajectories with
perihelia rperi S A (Tperi 2, A) compared to the no-focusing
case. Note that the logarithmic scaling of the axes obscures
that the total number of trajectories is conserved (i.e., the
red and green shaded areas represent the same number of
trajectories).

Precision tests of gravity in the Solar System and in the
laboratory constrain® e < 10710 in the force range we
are most interested in, A\ = 1/my ~ 1AU [128]. Nu-
merically, ag ~ 1073%, such that one can achieve a
stronger-than-gravity SM—clump force (i.e., £ > 1) with
tiny ap while satisfying these bounds on €: as long as
ap > (my/my,)? x (ag/€), the condition £ > 1 is sat-
isfied. For example, taking ¢ = 107!0 and My = My, a
dark-sector coupling of ap ~ 10728 leads to £ ~ 1.

If the clumps constitute all of the DM, one might
be concerned that the new clump—clump force leads
to strong DM self-interactions. Indeed, the clump—
clump total scattering cross section is enormous, o ~
atm? /mi. However, this cross section is dominated
by very soft interactions with typical momentum trans-
fer Ag ~ mg. Limits on DM self-interactions mostly
constrain the so-called momentum-transfer cross sec-
tion [130-133], which, for this model and for DM ve-

5 Here, we assume that the new force couples to the SM propor-
tional to baryon number as suggested in Eq. (15). For couplings
to either protons or neutrons only, the constraint is e < 10711,
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locities vpm > mg/me, is o ~ oF/m2vhy.  Lim-
its on the DM self-interaction cross sections are roughly
or/ma < 1em?/g at vpy ~ 1000 km/s; this bound is
satisfied in this model by an enormous margin:
or  goire m® (:22:)’ x (1014kg)2
Mel g 10728 MmMel (16)

y (1000 km/ s)

UDM '

A detailed consideration of the bounds on, and effects of,
such a new force on, e.g., clump—clump dynamics is be-
yond the scope of this work. The arguments above are ad-
vanced merely to illustrate how a stronger-than-gravity
fifth force between the clumps and ordinary matter could
arise without violating existing constraints. As we will
see, the asteroid-to-asteroid ranging proposal could be
sensitive to the passage of clumps which have such addi-
tional interactions even if the clumps have a mass den-
sity much smaller than that of DM; we will consider
Pl = Kk x 0.3 GeV/cm3 with & = 1072. In this case,
DM self-interaction constraints disappear.

We now turn to the sensitivity projections for the
asteroid-to-asteroid ranging proposal to the passage of
clumps under the assumption of a new SM-clump force;
these are shown in Fig. 4. We perform a Monte Carlo
simulation of orbits drawn at a heliocentric TI sphere
with radius Ry as in Sec. III; similar to how we included
Sun—clump gravitational effects on the clump trajectories
in Sec. III, we now include the effects of the fifth-force
potential sourced by the Sun on the clump trajectories.
As in Sec. III, we assume that the velocity distribution
of the clumps at the TI sphere is given by the SHM.

The left panel of Fig. 4 shows the smallest clump mass
giving rise to a detectable signal as a function of the
smallest separation distance of the clump trajectory to
either of the detector TMs, analogous to the left panels of
Figs. 1 and 2. We set the strength of the fifth force to £ =
103, assume a range of A\ = 1/my = 1 AU, and assume
the Eros-Thomsen TM configuration. Comparing to the
gravity-only result in the left panel of Fig. 2, we find that,
due to the fifth force, the mass of a clump required to
give rise to a detectable signal is approximately a factor
of & = 103 smaller at d < ), while for d large compared

to the range of the fifth force, m3™™ converges to the
gravity-only result.

6 Note that since we are showing mglﬂn as a function of the smallest
distance along a trajectory to either TM, d, these results are
largely independent of the TM configuration. For different TM
configurations, small differences would arise in the d-distribution
of the points in the scatter plot: each point corresponds to an
orbit from our simulation which are subject to the focusing effect
of the Sun. The velocities of the clumps in the vicinity of the
TMs will differ slightly due to the different TM—Sun distances
for different TM configurations, leading to minor differences in
m‘crllin for a given d.
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FIG. 4. Same as Fig. 2 except that we include a stronger-than-gravity SM—clump fifth force. LEFT PANEL: We assume a fifth
force stronger than gravity (¢ = 10) and with range 1/my = 1 AU. The scatter plot shows the m%™®(d) results for trajectories
from our Monte Carlo simulations of clump trajectories under the influence of Solar gravity and the Sun-sourced fifth force
starting from a TI sphere with Ry = 15 AU, assuming the Eros-Thomsen TM configuration, and accounting for the clump-TM
fifth force. For comparison, the black dashed line shows m2™®(d) for the same specific ‘selected’ trajectory as in Fig. 2, except
that we account for the effects fifth force; note that this line assumes the “Sun-straddling 1 AU baseline” configuration and so
is not a perfect benchmark. RIGHT PANEL: Rate of discoverable signals as a function of the clump mass, Nai(ma), for different
choices of the TM configuration, the strength and range of the fifth force, and the radius of the TI sphere as denoted in the

legend. For all results, we assume that the clumps have a density (at the TI sphere) corresponding to x = 1072 of the DM,

pa = K % 0.3GeV/cm®. Projections for different values of & are trivially obtained by rescaling Nei(mea) o< £/1072.

In the right panel of Fig. 4 we show the expected rate
of discoverable events for a range of different assumptions
on the strength and range of the fifth force and the config-
uration of the TMs, as denoted in the legend. First, note
that compared to the gravity-only results in the right
panel of Fig. 2, we find much larger detectable event
rates for our choices of the strength (¢ = 102, except for
one case with £ = 10%) and the range of the fifth force
(1/mg = 1-5 AU), despite assuming that the clumps have
mass density (at the TI sphere) corresponding to only a
small fraction of the DM, pq = k x 0.3GeV/cm? with
k = 1072, Furthermore, we now find the peak of the
Nc(me) curves at smaller clump masses, me ~ 102 kg,
than for the gravity-only case where we found the largest
N at me ~ 10 kg. Both effects are easy to understand.

Due to the additional clump—TM interaction, a clump
passing the TM at a fixed distance now exerts a stronger
force on the TM; or, by the same token, a detectable ac-
celeration signal can still be obtained for a smaller clump
mass. Due to the effects of the additional clump—Sun
interactions, orbits are focused in the inner Solar Sys-
tem, further enhancing the encounter rate. These effects
are stronger than the suppression of the rate of discov-
erable signals from assuming a smaller clump density,
k ~ 1072, Note that the results shown in the right pan-
els of Figs. 1, 2, and 4 can be trivially rescaled to obtain
results for any other value of po (or k): Ne X K/Kret
where k.qf is the choice made in the corresponding plot.

Let us now discuss the results in the right panel of
Fig. 4 in more detail, which will allow us to disen-



tangle the different effects of the fifth force. For the
“Sun-straddling 1 AU baseline” TM configuration and for
the Eros-Thomsen case, we show two sets of results for
the same assumptions on the strength of the fifth force
(¢ = 10%) and its range (1/m, = 1AU), in solid and
dashed lines. The difference between these results for a
given TM configuration is solely the choice of the radius
of the TT sphere: Ry = 7.5AU for the solid lines and
Ry = 15 AU for the dashed lines. The results for differ-
ent Ry are in excellent agreement, again validating our
procedure for sampling the initial conditions for the or-
bits at the TT sphere. Note that we choose Ry such that
Ee~™mslo < 1:1i.e., the Sun—clump potential is suppressed
to that of gravity at Ry.

Comparing the £ = 103, 1/my = 1 AU results for the
“Sun-straddling 1 AU baseline” TM configuration with
the Eros-Thomsen case, we find that for mq < 10 kg,
N, is much smaller for the Eros-Thomsen TM configu-
ration. This is due to the focusing effect of the fifth force
on the clump trajectories. Consulting the left panel of
Fig. 4, we see that for these choices of fifth force param-
eters, clumps are detectable for mq < 104 kg if they
come within d < 1 AU of either TM. The focusing effect
enhances the number of trajectories passing within 1/mg
of the Sun (see Fig. 3, where we used 1/mg = 3AU).
However, 433 Eros and 2064 Thomsen have orbits with
average distances of 1.5 AU and 2.3 AU from the Sun, re-
spectively; this TM configuration thus sees a much lower
rate of clumps passing within 1 AU of the detector than
the “Sun-straddling 1 AU” TM configuration where both
TMs are at fixed positions 0.5 AU from the Sun. On the
other hand, for m¢ > 10 kg, our projections for Eros—
Thomsen are slightly more optimistic than for the “Sun-
straddling 1 AU” case: in this regime, the detectors are
sensitive to clumps passing with d 2 1 AU, making the
focusing effect less relevant; instead, the Eros—Thomsen
case benefits from its longer baseline (L ~ 3.1 AU) as
discussed in Sec. III. We have checked explicitly that the
suppression of the rate N for mq < 10'* kg for the Eros—
Thomsen case is not due to an unfortunate choice of TMs;
different choices for the asteroids used as TMs (e.g., re-
placing 2064 Thomsen with 1627 Ivar; see discussion in
Ref. [34]) lead to similar results.

The effect of the clump-trajectory focusing from the
fifth force between the clumps and the Sun suggest that
TMs such as Eros—Thomsen which spend most of their or-
bits at distances of a few AU from the Sun would be more
sensitive to the case where the range of the force is larger,
such that the clump trajectories are focused into a larger
region in the inner Solar System. The N.(m.) projec-
tions for the Eros-Thomsen TM configuration and fifth-
force ranges of 1/my = {1,3,5} AU (keeping £ = 103
fixed) indeed reflect this expected behavior. The larger
the range of the fifth force, the more clump trajectories
get focused into a region where the TMs spend most of
their time on their orbits. It is expected that the rate
of this enhancement in Ng(mc) with increasing 1/mg
slows down as the range of the force becomes larger than
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the typical distance of the TMs orbits from the Sun; our
results reflect this trend.

To demonstrate the effect of different fifth-force
strengths on our N (me) projections, we also show re-
sults for £ = 102 and 1/mg = 1 AU. Comparing to the
case with € = 103 and 1/m, = 1 AU, we find that Ny
is significantly reduced for smaller £. The weaker the
fifth force, the closer clumps of a given m¢ have to come
to the TMs to give rise to a discoverable acceleration
signal; in turn, the number of trajectories coming close
enough to the TMs to give rise to discoverable signals
becomes smaller. This effect is reduced at large clump
masses where the detector is sensitive to clumps passing
with d > 1/my; i.e., where the clump-TM fifth force is
exponentially suppressed by the mass of the mediator.
In this regime, our results become independent of &, be-
cause at larger and larger d > 1/mg, more and more
of the detectable trajectories never pass through the re-
gion where the fifth-force is appreciably large. Note that
while the weaker fifth force also changes the focusing ef-
fect from the Sun—clump interaction, the corresponding
re-distribution of the trajectories has a reduced but non-
negligible effect on the Eros-Thomsen sensitivity for the
value of 1/my = 1 AU we have chosen here: this change
mainly affects orbits much closer to the Sun than the or-
bits of 433 Eros and 2064 Thomsen. However, because
of the modification to the trajectory-focusing effect that
nevertheless accompanies a change in &, the change in N
at mq < 10 kg when comparing the results for & = 102
and ¢ = 103 is larger than one in direct proportion to the
change in &: changing the density of the clumps to keep
k& constant would thus not lead to a constant N pre-
diction as one might have naively expected from Eq. (7)
(with the necessary modifications to the fifth-force case).

In this section, we have demonstrated that an addi-
tional fifth force between clumps and ordinary matter
would give rise to multiple non-trivial effects, leading to
interesting implications on the sensitivity of GW detec-
tors to the passage of the clumps. Trivially, additional
interactions make it easier to detect such clumps: we
found expected rates of discoverable signals with a fifth
force present to be much larger than for the gravity-only
case, despite the much smaller clump density that we
assumed for our fifth-force results. Perhaps less obvi-
ously, the new force also leads to focusing effects on the
clump trajectories which, for the non-trivial velocity dis-
tribution of the clumps we consider here, can only be
captured by a numerical simulation of trajectories of the
type we have undertaken. Furthermore, the interplay of
the strength of the fifth force, its range, and the location
of the TMs leads to relevant and non-trivial changes to
the expected rate of discoverable signals, as exemplified
by the different benchmark cases for these parameters we
studied here.



V. CONCLUSIONS

A plethora of GW detectors with coverage over an
enormous range of frequencies from nHz all the way up
to MHz are already operating, under development, or
proposed. The GW science cases for these detectors is
well-established, compelling, and further augmented by
the astrophysical and cosmological mysteries upon which
they may shed light. That these detectors can also be
sensitive to new physics in the dark sector is still fur-
ther motivation to push forward with this observational
program.

In this work, we studied the sensitivity of GW detec-
tors with test masses located in the inner Solar System
to the passage of dark clumps. One particular realization
of such clumps may be DM. Given our present (lack of)
knowledge of the nature of DM, it is entirely plausible
that (some fraction) is in the form of such exotic objects.

We described an heuristic estimate of the sensitivity of
GW detectors operating in different frequency ranges to
the passage of clumps in different mass ranges. The re-
sults of this study are summarized in Fig. 1. Given that
the inner Solar System is of ~ AU size and DM clump
travel at speeds vq ~ 10~ 3¢, leading to transit times on
the order of ~ 10%s, it is perhaps unsurprising that we
conclude that GW detectors with sensitivity around the
uHz band are the most promising for this search. Such
detectors are most sensitive to clumps in the asteroid-
mass range around mg ~ 10'%kg. This heuristic esti-
mate, however, intentionally simplified away many de-
tails of the clump transits, such as their distribution of
orientations relative to the GW detector and their non-
trivial velocity distribution; our results here would thus
be open to question unless we went further.

We thus also performed a more sophisticated estima-
tion of the sensitivity of a specific GW-detection proposal
whose sensitivity is peaked in the pHz band, the asteroid-
to-asteroid ranging idea advanced in Ref. [34], to dark
clumps. This more sophisticated calculation accounts for
the distribution of clump trajectories. We evolved ran-
domly selected clump trajectories through the inner Solar
System under the influence of the Sun and computed the
signal-to-noise ratio of the acceleration signal induced in
the GW detector using a matched-filter approach.

We first performed this computation for purely gravi-
tational interactions of the clumps with the detector TMs
and the Sun, finding good agreement with the results of
our earlier heuristic computation, but also demonstrat-
ing that the heuristic computation was too conservative
in some ways. The results of this analysis are shown in
Fig. 2. Nevertheless, the most optimistic rate projec-
tions for this refined computation, assuming the clumps
comprise all of the average local DM density, indicate
that about 1 event in 20 years would be borderline de-
tectable in such a GW detector if the clump mass was
me ~ 10' kg. It is possible that the DM density in the
close vicinity of the Solar System could be enhanced by,
e.g., DM substructure, which would increase the event

14

rate. Additionally, should future-generation GW detec-
tor sensitivities be improved, larger event rates and sen-
sitivity to wider DM mass ranges via purely gravitational
interactions may be enabled.

We also considered the modifications to this picture
that would be induced were there to exist a new, long-
range, stronger-than-gravity fifth force between the dark
sector and ordinary matter. Such a force can be con-
structed to easily evade all known fifth-force constraints,
and it leads to dramatic modifications to the detectabil-
ity prospects for clump DM using local-TM-based GW
detectors. The fifth force influences the detectability of
clumps both directly by increasing the clump—TM inter-
action strength as compared to gravity, and indirectly as
a result of the strengthened clump—Sun interactions that
result in strong focusing effects on clumps transiting the
inner Solar System (see Fig. 3). Within the context of
the asteroid-to-asteroid ranging proposal of Ref. [34], and
making use of realistic asteroid TMs such as 433 Eros
and 2064 Thomsen we find that rate of detectable clump
transits around 10°°kg < mg < 10 kg could be as
high as a few per year even if the clumps are only a
~ 1% sub-component of the local average DM density;
see Fig. 4. These results hold for a clump—SM fifth-force
with a range of 1-(few) AU and 10? times stronger than
gravity. We also studied the parametric dependence of
these results to changing fifth-force strength and range.

We conclude that local-TM-based pHz GW detectors
in the inner Solar System hold promise to probe the
local passage of heavy composite dark states imbued
with stronger-than-gravity fifth-force couplings to the
SM, over a fairly wide range of parameters.
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Appendix A: The Improved Heuristic Estimate

We sketch here the origin of the replacement h.(f) —

(f/f) X hc(f) for Eq. (6) that led to the improved heuris-
tic estimate given in Sec. II.

Consider that the discrete, finite-time analogue of the



matched filter (squared) SNR at Eq. (11) is given by
4 ax|?
2 —
p g T Sa(fk) ’

where we have omitted the zero-frequency term and pos-
sible Nyquist term, taken an arbitrary duration-T' inter-
val, and set fr = k/T; see also Ref. [113].

Now, recall that in Sec. II, we observed that for f <
fpeak, the PSD for the acceleration signal induced by a
clump passage is roughly flat S,(f < fpeak) ~ SU; it
falls off exponentially for f 2 fpeax [76]. It is also true
that (Ja(t)]*)r ~ T 32, Sa(fi) ~ foearSq if a(t) is
the mean-subtracted acceleration time-series, where we
used 771 = Af. Because |a(t)] ~ ag ~ Gn(ma/d?) x
min [1, 2L /d] for a duration At ~ 1/ fpeak during the arbi-
trary length-T interval, we have roughly that (|a(t)|?)7 ~
ag/(fpeakT). Therefore, S ~ aj/(f2..T)- Recall also
that S(fx) = (2/T)|a(fx)|? for the one-sided PSD for real
signals. Therefore, |a(f;)|> ~ a%/(2f§cak) for fi S fpeak,
and |a(fi)|? ~ 0 for fi 2 fpeak- Recall also from Eq. (12)
that fuS,(fx) ~ (27 fi)*L*[he(fx)]?/2. This leads to

2
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(A2)

where have again used Af = 1/T.

Now, suppose hq(fx) is monotonically decreasing on
fi S fpeak, and assume that hc(fx) ~ he(fpeak) Over a
bandwidth 0 f ~ fpeak, which is typical. Then we would
have the summand in Eq. (A2) roughly constant over
that bandwidth and negligible otherwise, along with fi ~
fpeax and > Af ~ fpeak, leading to

ao
pPX (A3)
geakLhC(fpeak) ’
where we have now dropped numerical constants and fo-
cus on parametric dependencies only. Fixing p ~ 1 then
yields the minimum detectable af™ o fgeakLhc( fpeak),
leading to

. 2h ak) L
mmm x Vel C(fpedk)

1 47rfpeakL
cl GN
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Vel

which has exactly the same parametric dependence as
Eq. (6). The O(1) factors can be similarly recovered.

However, if h.(fr) has a broad minimum such that
fhe(f) is minimized for f ~ f, with fhe(f) ~ fhe(f)
over a typical bandwidth 6f ~ f, then the parametrics
change, and instead we have

ao

again dropping numerical factors and keeping only para-
metric dependencies. Fixing p ~ 1 now gives the result

p (A5)

15
af™  foeakfLhe(f), leading now to
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(A6)

which, up to O(1) factors we have not tracked here, gives
the replacement rule we stated for Eq. (6) given that we
wrote f ~ fpeax implicitly there.

Appendix B: Some Technical Simulation Details

In this appendix, we outline some more technical de-
tails of our Monte Carlo and trajectory computation sim-
ulation discussed in Secs. III and IV.

1. A ‘Trick’ to Avoid Spectral Leakage

In Sec. III, we noted that we utilized a T' = 10 yr mis-
sion duration for our simulation. However, this presents
a subtlety. A clump passage whose moment of closest
approach t; and duration of transit Theak ~ 1/fpeak
are such that a hard top-hat window of duration T =
10 yrs would clip off a part of the acceleration time-series
Aa;j(t) defined at Eq. (9) while it is still non-negligibly
small, would give rise to artificial discontinuities and re-
sult in spectral leakage effects that would distort our re-
sults; see discussion in Ref. [134], and Appendix D of
Ref. [113]. That is, we would mis-model the acceleration
time-series if 0 < tg < Tpeak O T — Tpeak Sta < T

Instead of windowing the data to mitigate this, which
would be a more standard approach, we can perform a
simple ‘trick’ and impose approximately and by hand at
the time-series level the signal periodicity that a discrete
Fourier transform (see footnote 4) assumes of its input
signal: namely, we replace

Aaij (t) — Aaij(t) + Aaij (t + T) + Aai]‘ (t — T) . (Bl)

For a single transit of a clump with ¢4 outside the ranges
mentioned above, this has negligible impact on the re-
sults so long as Tpeax << T, as the latter two terms on
the RHS of Eq. (B1) are then negligible compared to the
first. For transits with ¢4 ~ 0,7, however, this substi-
tution has the effect of wrapping around the part of the
acceleration time-series that would otherwise be clipped
off so that it appears near t ~ T',0, respectively. While
this is of course unphysical at the level of the time-series,
that is not relevant in our computation of the PSD; the
key point is that this procedure results in a computation
of the signal PSD that is unaffected by unphysical spec-
tral leakage effects imposed by a hard mission-duration
cut-off because the DFT automatically imposes signal
periodicity outside its defining domain.

There is a further sampling effect that this trick ad-
dresses. In our simulation, we sample values of g,



the TI-sphere entrance crossing time in the range to €
[0,7], but we also assume that the mission duration
is t € [0,T]. Therefore, for the first duration of time
0 <t < (Ro— Tdet)/vel Where Tqet is a typical detector
heliocentric distance, there would be an artificial deficit
of clumps passing the detector TMs at small d. Likewise,
clumps entering the TI sphere during the final amount
of time T — (Rp — Tdet) /v S ¢ < T do not approach
the detectors closely enough to achieve small values of
d before the end of the simulation. For some parame-
ters this could in principle be quite a severe issue: with
Ry ~ 37AU and vy ~ 1073¢, Ry/(vaT) ~ 0.6. Adding
in the latter two terms on the RHS of Eq. (B1) corrects
both these effects by (a) effectively extending the simula-
tion end time by an additional amount of time 7', which
is broadly sufficient to capture the full duration of the
latter passages through the TT sphere (except for very
slow clumps), and (b) wrapping those transits around to
populate the equal-length interval at the beginning of the
simulation which is artificially depleted by our sampling
approach. While this is not at all relevant for the Sun-
straddling, spatially fixed baselines, it is relevant for the
Eros—Thomsen and similar baselines we consider, as these
evolve in time. It does however give rise to a sampling
of orbital configurations of the TMs in our simulation
that is somewhat offset in time from the nominal mis-
sion interval ¢ € [0,T7]; however, this is degenerate with
a mission start-time selection effect, and we have already
assumed an arbitrary mission start time.

Note that for transits with Tpeax 2 T', the above proce-
dures would yield inaccurate results because the implicit
assumption in performing this trick is that the acceler-
ation time-series goes to zero well within the simulation
duration, so that at most one of the terms on the RHS
of Eq. (B1) is non-negligible at a fixed t. However, with
T = 10yrs chosen, these inaccurate trajectory results
are out of the band of sensitivity of the asteroid-ranging
detector, and this is therefore of little to no physical rel-
evance to our results.

2. Extraction of Rate from Simulations

In this appendix, we detail how we extract our rate
estimates from our numerical simulations.

As discussed in Sec. III, we perform a Monte Carlo
(MC) sampling of initial conditions for the clump trajec-
tories drawn from appropriate distributions of location,
speed, and direction for the clumps, assuming that clump
trajectories are initialized on the trajectory-initialization
(TT) sphere:” a Sun-centered sphere of radius Ry. The
assumed underlying velocity distribution of the clumps

7 To be precise, for each trajectory we sample the location of en-
trance of the trajectory on the TI sphere (2 parameters), an
inward-directed velocity of the particle on the TI sphere (3 pa-
rameters), and a time of TI-sphere entrance tg (1 parameter).
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TABLE I. Osculating elliptical orbital elements for 433 Eros
and 2064 Thomsen, as retrieved from the JPL Small-Body
Database (SBD) [135] on March 8, 2022, and utilized to gen-
erate our “Eros—Thomsen” TM trajectories. We give the
semi-major axis a, eccentricity e, orbital inclination from the
ecliptic i, longitude of the ascending node €2, and argument
of perihelion w. For 433 Eros, we treat one selected time
of perihelion passage t, as an arbitrary parameter centered
on our assumed duration-7 mission simulation; we however
treat t, for 2064 Thomsen with the correct relative offset as
compared to that of 433 Eros. These parameters are shown
here in rounded form; most are known to (much) higher pre-
cision. In our computation, we utilize these parameters with
their full known precision, although we note that, for these
objects, over time-scales much longer than our simulation,
the osculating orbit approximation breaks down to a relevant
degree.

Element 433 Eros 2064 Thomsen

a [AU] 1.45827 2.17884

e 0.22273 0.32972

i [deg] 10.8285 5.69482

Q [deg] 304.296 302.136

w [deg] 178.897 2.78751

tp [s] arb.; see caption thTo® +17.16 x 10°

is that of the Standard Halo Model (SHM) [127], a trun-
cated Maxwell-Boltzmann distribution boosted in the di-
rection of Cygnus, assumed to be located at ecliptic lon-
gitude ~ 331° and ecliptic latitude ~ 57.5°. Appropri-
ate flux-weighted sampling on a boosted sphere is non-
trivial, but can be done quasi-analytically: sequentially
marginalized cumulative distribution functions (CDFs)
for all relevant physical parameters can be derived in
closed form (these CDF expressions are all algebraically
complicated, and we omit them here). The only MC piece
of the computation then involves sequential uniform ran-
dom sampling of marginalized CDF values on the interval
[0,1], followed by numerical inversion of the marginalized
CDFs to obtain the requisite physical parameter sam-
ples.® For each set of parameters at the TI sphere, we
numerically solve for the corresponding orbits under the

8 For example, we mean the following procedure. Suppose we
have a differential distribution d?N/(dzdy) of a number of
events N that has a known parametric dependence on x and
y. We can integrate out / marginalize over y by comput-
ing dN/dz = [dy[d®N/(dzdy)]. This can be turned into a
CDF for z: Clz] = [[*dz/(dN/dz")]/[f dz'(dN/dz")]. If we
generate v ~ U[0,1] and solve r = Cf[z], we obtain a sam-
ple z = C~![r]. Then we can return to the differential dis-
tribution d?N/(dzdy), condition on z = C~![r], and define a
CDF for y conditional on & = C~[r]: D[ylz = C~1[r]] =
[ dy (@ N/ (dady) |, -1 (1)) [ dy [N/ (dody)|,_c-1 1), and
extract a sample for y by generating s ~ U[0,1] and solving
Dlylx = C71[r]] = s for y = D™ ![s;x = C~1[r]]. This proce-
dure can be repeated sequentially for more than two parameters,
with each random sample from U[0, 1] involving ‘peeling back’
one more ‘layer’ of the differential distribution.



action of gravity (and, if applicable, the fifth force), tak-
ing into account only Sun—TM interactions. We assume
the Sun is a spatially fixed object, and ignore the effects
of other bodies in the Solar System. For each trajectory
k, we then perform the baseline-projected acceleration
computation discussed in Sec. III, and solve for the mini-
mum mass m’gfig required on the computed trajectory to
obtain an SNR pr = 1 in the matched-filter search.

In performing our computations for the Eros—Thomsen
TM baseline assumption, we assume the TMs follow the
elliptical orbits specified by the osculating orbital ele-
ments of 433 Eros and 2064 Thomsen as given in the
JPL Small-Body Database [135]; see Tab. I. We follow
the procedures of Appendix A.4 of Ref. [113] to generate
the locations of the these TMs as a function of time.”

For computational efficiency, we split our MC sim-
ulation into sub-simulations. Enumerating the sub-
simulations as ¢ = 1,...,%max, we consider disjoint
ranges of the closest TM-clump approach distance, d,
as d € (d"n, dM*] = D;. The boundaries of the D;
regions we choose are as indicated by the vertical dot-
ted black lines in the left panels of Figs. 2 and 4, ex-
cept d™™ = 1.5 x 1073 AU and d">* = Ry. Note that
the d¥™™ cut is imposed for computational reasons; sim-
ulating trajectories with smaller d requires exceedingly
resource-intensive computations, and our results verify a
posteriori that the chosen value, di"™ = 1.5 x 1073 AU,
is sufficiently small to not affect our numerical results.

For each sub-simulation, we draw NM¢ inital condi-
tions at the TIT sphere, and calculate the corresponding
orbits in the gravitational (and, if applicable, fifth-force)
potential of the Sun; note that typically we use larger and
larger NM€ for smaller and smaller d®* to obtain suffi-
cient statistics. From the calculated orbits, we then select
the orbits with d € D;. For each such selected orbit, we
perform the baseline-projected acceleration computation
discussed in Sec. III and calculate the SNR assuming a
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reference value of mg = mg‘ff; since the acceleration sig-

nal scales linearly with my, we can trivially obtain the
SNR of the k-th trajectory for any other clump mass as
pr(me) = (mcl/mg’f) X pk(mg‘ff). Armed with these re-
sults, we compute the number of simulated trajectories
in the i-th sub-simulation that give rise to a detectable
signal, defined as pg(me) > 1 throughout this work, for
a given clump mass, N%gtectable(md).

In order to compute the rate of discoverable signals, we
need the physical flux-weighted rate, N cplhysmal of clumps
expected to (on average) enter the TT sphere for a given
clump density p. and velocity distribution of the clumps
at the TI sphere. For the homogeneous p.; and the SHM
velocity distribution we assume in this work, N, Cplhysmal is
straightforward (if laborious) to compute in closed form;
the final expressions are algebraically complicated and
we omit them here. The (average) physical rate of dis-
coverable signals for a given clump rate is then obtained

by summing over the results of the sub-simulations,

MC
Nphysical _ NLdeteC‘cable (mCl) Nphysical
cl,detectable (md) - NMC X l .
i i

The uncertainty of this calculation is obtained from the

. MC
Poisson error of NLdeteCmble(mcl)7

g [Nil\,/CligtCCtablc(md)] = \/Nil\,/é(ejtectable (md) )

since our sub-simulations are statistically independent
and disjoint, standard error propagation yields

2

. |:Nphysical

cl,detectable (md)i| Z \/N%gtcctablc (mCI)
A

NMC

\7physical
Ncl %
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