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Listening for ultraheavy dark matter with underwater acoustic detectors
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Ultraheavy dark matter candidates evade traditional direct detection experiments due to their low particle
flux. We explore the potential of large underwater acoustic arrays, originally developed for ultrahigh energy
neutrino detection, to detect ultraheavy dark matter interactions. These particles deposit energy via nuclear
scattering while traversing seawater, generating thermoacoustic waves detectable by hydrophones. We
present the first robust first-principles calculation of dark matter-induced acoustic waves, establishing a
theoretical framework for signal modeling and sensitivity estimates. Our framework incorporates
frequency-dependent attenuation effects, including viscous and chemical relaxation, not considered in
previous calculations. A sensitivity analysis for a hypothetical 100 km® hydrophone array in the
Mediterranean Sea demonstrates that such an array could extend sensitivity to the previously unexplored
mass range of 0.1 — 10 pg (~10%°-10% GeV), with sensitivity to both spin-independent and spin-
dependent interactions. Our results establish acoustic detection as a complementary dark matter search

method, enabling searches in existing hydrophone data and informing future detector designs.
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I. INTRODUCTION

Despite extensive evidence for the existence of dark
matter across various scales—from galaxies [1,2] and
galaxy clusters [3-5] to large-scale structure [6,7] and
cosmology [8]—its fundamental nature remains unknown,
even as the sensitivity of experiments searching for its
nongravitational interactions with Standard Model particles
continues to increase.

The two leading classes of dark matter candidates are
weak-scale, thermally produced particle dark matter mod-
els such as weakly interacting massive particles [9,10],
and wavelike dark matter candidates such as the QCD
axion [11-13]. In both scenarios, dark matter-induced
events are rare due to suppressed couplings to Standard
Model particles, despite the relatively large expected dark
matter flux. This explains the absence of a signal in direct
detection experiments or axion haloscopes.

However, there is another class of dark matter candidates
requiring rare-event searches for a different reason: not due
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to suppressed interactions, but because its mass, m,, is
“ultraheavy,” even approaching macroscopic values.
Since astronomical observations constrain the dark matter
energy density rather than the number density (see,
e.g., Ref. [14]), for a fixed energy density, heavier dark
matter masses correspond to fewer particles and, hence, a
lower terrestrial dark matter flux. For example, for dark
matter with a mass around the Planck scale (Mp; = 22 pg =~
1.2 x 10! GeV), the flux on Earth is approximately
0.3(22 pg/m,) m2yr~'. Therefore, direct detection
experiments with typical O(m?) dimensions are too small
to probe dark matter masses beyond the Planck scale
[15-18], since the probability of a single particle passing
through the detector is small, even if the scattering cross
section with Standard Model particles is larger than
~1072* cm?, typical of electromagnetic or nuclear forces.
Theories predicting such high masses and large cross
sections generally involve composite dark matter candi-
dates [19], indicating the presence of a more complex dark
sector. Several models realize this scenario. These include
nuclear dark matter [20-24] and the related scenario of dark
nuggets [25-27], nuclearites [28], strangelets [29], and Q
balls [30,31]. Broader frameworks like dark blobs [32] or
loosely bound dark matter [33] have also been proposed.
For a review of these and related models, see Ref. [34].
Although these models, which we will collectively call
ultraheavy dark matter models for simplicity, differ in
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structure and composition, they share a key feature: for
dark matter heavier than O(10 pg), the terrestrial flux
becomes too low for conventional direct detection tech-
niques to be effective, even when the interaction strength is
significant. Despite this challenge, several attempts have
been made to constrain ultraheavy dark matter candidates
using alternative methods; as a result, a large part of the
mass—cross-section parameter space is now excluded.
Examples include constraints from the absence of lattice
defects in ancient mica [35-37], radar meteor detectors
[38], the absence of fireballs in the atmosphere [39], the
heating of astrophysical gas clouds [40], white dwarf
thermonuclear runaways [41,42], and cosmological con-
straints [43,44]. A more ominous constraint can be derived
by assuming no dark matter collisions have resulted in
human deaths or serious injuries [45,46]. Additionally,
proposed detection techniques include the search for long,
straight damage tracks in geological quartz [47].

The challenge of detecting a small flux of cosmic
particles is similarly encountered in the search for ultrahigh
energy (UHE) neutrinos. Detecting UHE neutrinos, with
energies >10'® eV, would enhance our understanding of
the origin of the highest energy particles in the Universe
(see, e.g., Refs. [48,49]). UHE neutrinos have a small flux
requiring detectors with target volumes of tens of cubic
kilometers [50]. Even large-scale detectors like IceCube
[511 and KM3NeT [52] are too small to observe the
expected flux of UHE neutrinos. The need for dense
instrumentation to detect Cherenkov light from neutrino
interactions makes scaling these detectors to the required
volumes impractical.

In response to these challenges, efforts have been made
to develop acoustic detection methods for UHE neutrinos
using large arrays of hydrophones [5 3-55]." Unlike electro-
magnetic radiation, sound waves experience much less
attenuation in water, allowing detection with less dense
instrumentation. Initial projects, such as the AMADEUS
detector [58], were designed as feasibility studies for larger
detectors that could potentially be deployed in the
Mediterranean Sea.

Building on these acoustic detection techniques that
enable the instrumentation of a large detection volume, we
explore the use of an underwater array of hydrophones with
a volume on the order of 100 km® as detectors for ultra-
heavy dark matter. A schematic of the concept is shown in
Fig. 1, which illustrates how ultraheavy dark matter is
expected to travel through water in a nearly straight line,
radiating acoustic waves that can be detected by hydro-
phones. Building on the order-of-magnitude estimates
made in Ref. [32], we provide a more detailed analysis
that characterizes the expected signal properties, including
the effects of attenuation, and offers refined sensitivity

'Radio detectors designed to detect the Askaryan effect [56,57]
provide another direction for the detection of UHE neutrinos.
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FIG. 1. Acoustic detection of thermoacoustic waves generated
when ultraheavy dark matter scatters with oxygen and hydrogen
nuclei in water. The red region indicates the primary energy
deposition from dark matter, which creates acoustic waves that
propagate outwards as cylindrical waves to an array of hydro-
phones (underwater pressure wave detectors) spanning a volume
on the order of 100 km?. Here, p is the radial distance from the
dark matter track to a hydrophone, z is aligned along the center of
the energy deposition, and o, is the width of the energy
deposition profile.

projections. Our findings suggest that such an array could
probe regions of the ultraheavy dark matter parameter space
that are currently unconstrained, providing additional
scientific motivation for this large-scale underwater detec-
tion method.

The paper is structured as follows: In Sec. II we derive
the thermoacoustic signal induced by dark matter and
incorporate the impact of attenuation in Sec. IIIl. We then
characterize the properties of the signal post-attenuation
and present sensitivity projections in Sec. IV. Finally, we
conclude in Sec. V. Several Appendixes provide technical
derivations of results used in the main body of the paper.

II. DARK MATTER INDUCED
THERMOACOUSTIC RADIATION

The thermoacoustic model predicts that the near-
instantaneous local heating of a liquid results in rapid
expansion, which generates a pressure pulse [53,54,59].
The thermoacoustic model agrees well with experimental
data [60], and has found broad application in studies
informing the design of future large-scale acoustic neutrino
detectors, which, as discussed in the Introduction, aim to
detect the acoustic pulse produced by high-energy particle
showers resulting from interactions of UHE neutrinos (see,
e.g., Ref. [61]). In this section, we extend prior work in the
context of UHE neutrinos, particularly that of Refs. [53,62],
to derive the pressure pulse produced by ultraheavy dark
matter scattering as it traverses through seawater.

We begin with the equation describing the propagation
of acoustic pressure, p(r,f). In a fluid with thermal
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expansion coefficient a, and specific heat capacity at
constant pressure c,, p(r,t) satisfies

v 1*p

__adqr)

e (1)

¢t or? c, or

where ¢(r, t) is the energy deposition density and c; is the
speed of sound in the medium.” In this work, we assume
parameters typical of those found in the Mediterranean Sea
at a depth of 1.2 km, a location with favorable conditions
for acoustic detection experiments [64]. Specifically,
we assume ¢, = 1.52 kms™', ¢, =3.95x 10° Jkg™' K™,
and a=222x10"*K=! [65], corresponding to a
Griineisen parameter y; = ac?/ ¢, =0.13.

The general solution to Eq. (1) is given by the Kirchhoff
integral,

a &dr o*q(r,?)
1) = , 2
pir.1) 47rcp/|r—r’| or @)

where ¢ =1t — |[r—r|/c, is the retarded time. To make
further progress, we need to determine g(r,t) for ultra-
heavy dark matter scattering in seawater.

A. Energy deposition density

First, we consider the time dependence of ¢(r, t). Given
that the characteristic speed of dark matter is around v, ~
300 kms~! [66], which is significantly larger than c,, and
that the energy deposition occurs on timescales much
shorter than hydrodynamic processes [67], we assume that
the energy deposition occurs instantaneously at time . As
a result, we parametrize g(r', ") = ¢(r')O(¢'), where O is
the Heaviside function.

Next, we address the spatial dependence, which is
determined by the path and energy loss of dark matter
through seawater. In this work, the typical cross section
that we consider is 6, ~ O(107') cm?. This leads to a
mean free path of dark matter in seawater of 4,

107" m x (107"%cm?) /o, where we used that the density

of seawater is pg, = 1.03 g/cm®. Such a large cross

section and short mean-free path can only be achieved
with composite dark matter candidates [19]. For reference,
this distance is considerably smaller than the intermolecular
distance in seawater (~3 x 10719 m).

*For nonisotropic energy depositions, an additional term that
depends on the momentum transfer to the medium should be
included on the right-hand side of Eq. (1) (see Refs. [60,63]). We
assume isotropic nuclear recoils, which results in zero net
momentum transfer, so this additional term does not contribute.

In principle, modeling the fast yet finite time for the pulse to
develop is straightforward (see Appendix H of Ref. [68]), but as
the effect is negligible, we do not include it in our analysis.

We focus on the regime in which m, > m,, where m, is
the mass of a hydrogen or oxygen nucleus, and where
the number of scatters N is large, such that N > 1. In
this regime, each collision transfers a recoil energy of
approximately  E, ~ (my/m,)E, ~ O(10 keV), where

E, =Ym 1?2

, = 3m, v, is the dark matter kinetic energy. The recoil
is equally likely in any direction, while the dark matter is
deflected by an angle 60~ my,/ (ml\/lv )< 1 after N
scatters. Given the large number of scatters and the small
deflection angle, we can model the dark matter’s energy
loss as a continuous process along a straight path, with the

kinetic energy loss per unit path length given by

dE z >
x 2
= —Pgal, Vs €Xp | — , (3)
dZ s < fsea

where z is the distance traveled through the seawater and

e (4)
2,0 sea0y

1 —10 2
~ 485 kmx () (L em (5)
10~ g oy

defines the length scale over which the dark matter loses a
significant fraction of its kinetic energy (see Appendix A
for a derivation). Given that the Mediterranean Sea is
typically only a few kilometers deep, over most of the
parameter space that we consider, the dark matter traverses
the full seawater depth with approximately constant energy
loss per unit length (i.e., £, > km). Moreover, in this
regime, E, remains approximately constant since the dark
matter loses a negligible fraction of its kinetic energy in
each collision. We focus on this regime in the main text,
while Appendix C addresses the case in which the energy
loss varies as dark matter passes through the seawater.

With these considerations, we model the energy depo-
sition density along the dark matter’s path as

=3 ex (- 2‘;) (©)

A={H,0}
where we sum over contributions from scattering with
hydrogen and oxygen nuclei. Here, p is the radial
(perpendicular) distance from the energy deposition track

center, such that |r| = \/p? + z>. The species-dependent
terms are dE,/dz, the energy deposition per unit length,
and oy, the track-width parameter. The approximation of a
Gaussian distribution with radial parameter o, enables
analytic solutions while capturing the essential physics.
The cylindrical symmetry around the z axis, which is
chosen to align with the dark matter’s path, follows from
the isotropic recoil distribution. Unless stated otherwise, in
our calculations, we use dE,/dz = (E), /A4, where (E),

fsea =

1 dE, 1

2 dz O'i
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and A, are the mean nuclear recoil energy and mean-
free path between collisions for species A, respectively.
In the regime 7y, > km, since E, is approximately
constant along the path, it follows that (E), and dE,/dz
are also approximately constant. In seawater, dEq/dz ~
7.9dEy/dz, since the energy transfer during collisions is
more efficient for heavier elements. A derivation of Eq. (6)
and further justifications for the approximations used are
given in Appendix A. The main features of the energy
deposition are illustrated in Fig. 1.

The radial parameter o, is set by the larger of
two characteristic length scales. The first is the typical
recoil distance o,..; of nuclei after a collision with dark
matter, which as detailed in Appendix A is 0.14 pm for
oxygen recoils and 0.082 pm for hydrogen recoils.
The second is the radius R, of the ultraheavy dark matter,
which we assume to be composite. Following macro—dark
matter models [36], we use the geometric approxi-
mation for the cross section, o, ~ 471R§, such that

R, ~0.028 pm x 1/ (0,/107'% cm?).

B. Attenuation-free solutions

Having established ¢(r, ) for ultraheavy dark matter
scattering in seawater, we proceed to solve Eq. (2) to find
the acoustic pressure. The form of ¢(r,f) is a sum of
independent contributions from scattering with oxygen and
hydrogen, allowing us to similarly decompose the solution
to Eq. (2) into these separate components.

In the regime where 6, < p—a condition that holds for
any physically relevant case—the solution for each species
A is given by

a dE, c? o, t—p/cy
palp.t) = L= 1( ) ()

Zﬂcpd_z\/zn VP P\ oa/cy

The 1/,/p dependence in the amplitude reflects the
cylindrical symmetry of the outward-propagating pressure
waves, as illustrated in Fig. 1. The radial distance p is the
only relevant geometric parameter. The temporal evolution
of the pressure wave is governed by the dimensionless
bipolar-pulse function, I,(A), which takes O(1) values, so
the overall signal amplitude is determined by the other
prefactors.

The full expression for 7 ,,(A) in terms of modified Bessel
functions is derived in Appendix B. For physical insight,
we examine its behavior across three time regimes: early,
intermediate, and late times. Since at a radial distance p, the
signal arrives after a delay of approximately p/c,, this
corresponds to t K p/cq, t~p/cg, and 1> p/c,.

The full bipolar-pulse profile is shown in Fig. 2.
We separately plot the solutions for oxygen (blue)
and hydrogen (red) at a fixed distance of p = 300 m, for
m, =102 g and o, = 107'" cm?, values typical of the

15 i i
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10 5 gen |
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0, =101 cm?

p=300m

p(t) [MPa]
w

_5,
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Time relative to (t — p/cs) [ns]

-0.50

FIG. 2. Expected acoustic pressure without attenuation from
ultraheavy dark matter with m,, = 1072 g and o, = 10719 cm? at
aradial distance p = 300 m. We show contributions from oxygen
(blue) and hydrogen (red) separately. The full solution is the sum
of these signals. The oxygen signal has a greater amplitude and is
broader because dE,/dz and o, are both larger, relative to
hydrogen.

dark matter parameter regions we aim to explore. The time
is shown relative to the arrival delay p/c,, and the full
solution is a sum of these two signals.

As the pulse begins to arrive, the pressure follows:

< (_ (1 —p/cs)2>’ (8)

203/ c3

T

2

t_p/c.\'

I,(t< &
p( p/cs) GA/CS

which shows a signal rising as it sweeps through the tail of
the Gaussian profile, reflecting the initial energy deposition
profile given in Eq. (6).

At intermediate times, the pulse exhibits a characteristic
compression phase followed by a decompression phase,
resulting in a bipolar structure, with a characteristic width
governed by o,/c,. This bipolar structure mirrors that
observed in acoustic signals from UHE neutrinos [69].

At late times, the asymptotic limit gives

([ o4/c 3/2
1)t pley) ~ _§ (ﬁ) )

When substituted into Eq. (7), we obtain a power law in
time that is independent of ¢,. This late-time behavior
arises from the coherent sum of acoustic contributions
along the dark matter track, and is the scaling found for a
long, zero-width line-source track [53].

Importantly, the solution in Eq. (7) does not account for
attenuation effects. To incorporate attenuation, which we
discuss in the next section, we need to understand the
frequency spectrum of the pressure pulse. The frequency-
domain representation of the pressure signal, p(p,®), is
obtained by taking the Fourier transform of the time-
domain solution. As derived in Appendix B, the solution
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FIG. 3. Absolute magnitude of frequency-domain acoustic
pressure solutions without attenuation from ultraheavy dark
matter with m, = 10 g and 6, = 107'% cm? at a radial distance
p =300 m. We show contributions from oxygen (blue) and
hydrogen (red) separately. Dotted lines labeled “Hankel” show
an analytic approximation, which provides a good match
for w < ¢;/0,.

for each component takes the form

. iwa dE, [7/2 —ipw
pA(p’w):ercpd—zA | d@exp( : sec@)

2 2
X sec 0 exp (—Gé‘—a;secz 9), (10)
c

N

where @ is the angular frequency (here, restricted to
positive values), 6 is an integration variable, and the
complete solution is the sum of the oxygen and hydrogen
components.

The frequency-domain solutions are complex valued,
so in Fig. 3 we plot the absolute magnitude of p,(p, ®)
for oxygen (red) and hydrogen (blue) separately, at a
radial distance of p =300 m and for m, = 1072 g and
6, =107 cm®. Both pressure pulses exhibit a broad-
band frequency spectrum, with a peak at approximately
10'° rad/s. This peak frequency corresponds to a character-
istic scale set by w ~ ¢;/0,, while the broad profile arises
as a consequence of the power law at times 7 > p/c, of the
time-domain pressure pulse. The oxygen signal has a
slightly lower peak frequency than hydrogen due to its
larger track width, 65 > oy, but a greater amplitude owing
to its larger dE,/dz. In the regime where ¢, > km, as
assumed here, the pulse properties are independent of m,
since dE,/dz is independent of the dark matter mass.

C. Behavior in the observational frequency range

The hydrophones proposed for a large underwater array
operate in the approximate angular frequency range @ ~
5% 10* to 5 x 103 rad/s [70-72]. This corresponds to the
regime where w < ¢;/o,, even for o, values as large as

O(1 mm). For all parameter values considered in this work,
this condition holds. In the limit w < ¢;/04, wWe can
expand the o,-dependent exponential term in Eq. (10) to
leading order, obtaining the analytic expression,

- wa dEym o) (po
~ ——H;' | — . 11
palpoo) o AT (22).

Here, Héz)(z) is the Hankel function of the second kind.

The absolute magnitude of Eq. (11) is shown as the black
dotted lines in Fig. 3 for both oxygen and hydrogen. As
anticipated, in the typical operational range of the hydro-
phones, the agreement with the exact result is excellent
when w < ¢, /6 ,4. Importantly, this result demonstrates that
the specific value of 6,4 does not affect the solution in the
observational range, provided the condition w < ¢,/0, is
satisfied.

We can further simplify the expression for p,(p, w) by
taking the asymptotic limit of H(()z)(z), which is valid for
p > c,/w [approximately 1 m x (10* rad/s)/w]. In this
asymptotic regime, we find

a dE, [rc,w ipw in
~ — - — . 12
2nc, dz 2p exp< Cs + 4) (12)

Palp, o)

For the parameter values used in Fig. 3, this asymptotic
regime applies, which explains the observed behav-
ior |pa(p. )] Vo

Finally, there is a straightforward intuitive explanation
for these results when both conditions @ <« ¢/, and
p > c;/w hold. In the time domain, the solution can be
expressed as

a dE, c2
2rc, dz \2n

o7! k 1
x/A dk\/:exp (iwt—ikarzﬂ, (13)
P! P 4

where k = w/c, and Re]:] denotes the real part. This shows
that the solution is a superposition of cylindrical plane
waves propagating outwards from the ultraheavy dark
matter path, which sources the acoustic waves.

palp,t) ~Re[

III. ATTENUATED DARK MATTER INDUCED
THERMOACOUSTIC RADIATION

Acoustic radiation in seawater is attenuated by two main
mechanisms: viscous absorption, which occurs in pure
water, and chemical relaxation effects due to boric acid
and magnesium sulphate—dissolved salts found in sea-
water [73,74].

The absorption of acoustic radiation is characterized
by a frequency-dependent absorption coefficient, d(w).
Following Refs. [53,62], we parametrize this coefficient as
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? 2w 2w

(@) =

WoCy

N

110)1+i0)+120)2+l‘(0' (14)
The first term represents the absorption by pure water and is
characterized by the frequency scale @,. The second and
third terms represent chemical relaxation processes from
boric acid and magnesium sulphate, respectively. These
processes are characterized by distance scales 4, 4, and
frequency scales w;, ®,. In these chemical processes,
the compression or rarefaction of the compounds lags
behind the applied pressure, which manifests as a complex
compressibility [75]. As we will show, this introduces
dispersion that delays the propagation of the bipolar pulse.

The frequency and distance parameters in d(w) depend
on the seawater conditions: temperature, pH, depth, and
salinity. For our analysis, we assume conditions typical of
the Mediterranean Sea, namely 7 = 13.5 °C, a pH of 8, a
salinity of 38.5% and a depth of 1.2 km [65]. With
these choices, we match the real part of a(w) to the expres-
sion in Ref. [74], obtaining @, = 4.32 x 10" rad/s,
w, = 837 x 10° rad/s, w, =5.827 x 10° rad/s, A, =
64.4 km, and 1, = 152.7 m. Note that we use units where
a(w) is measured in inverse meters, so we have applied the
appropriate conversion factor when matching to the expres-
sion in Ref. [74].*

To account for attenuation, it is most straightforward to
work in the frequency domain, where each frequency mode
experiences attenuation according to

pav.o) =eso (<" o) 015)

where p is the relevant distance scale since each mode
propagates outward as a cylindrical wave, and the factor of
1/2 is included because we are dealing with the pressure
amplitude rather than the intensity [76]. Here, p(p,®) =
Polp.w) + pu(p, w). The attenuated signal in the time
domain can be recovered via the inverse Fourier transform.
Since the signal is real valued, this is expressed as

palpi) = Re le 7 dopato.0)explion)|. (16

A. Attenuation effects in pure water

To gain intuition for the impact of attenuation, we first
consider the case of pure water [i.e., we set the second and
third terms in Eq. (14) to zero]. In frequency space, the pure
water attenuation introduces a distance-dependent cutoff

*Our value for w, differs from Ref. [62] when the same values
of temperature, pH, depth, and salinity are used. The difference
seem to arise from their use of the P, and P; expressions from
Refs. [73,74], where pressure and depth appear to have been
interchanged (see Appendix F of Ref. [68]).

my=10"2g ettt
—10-10 2
— 105} ox=10""cm
<
bl
o
3
[ 1076 L
3
3 1071 = Sea Water 300 m
- * Pure Water 300 m
——— SeaWater 1 km
+ PureWater 1 km
1078

102 10° 107 105 106
Angular Frequency w [rad/s]

FIG. 4. Absolute magnitude of frequency-domain acoustic
pressure in seawater (solid lines) and pure water (dotted lines)
from ultraheavy dark matter with m, = 102 g and o, =
1071 ¢cm? at radial distances of p =300 m (blue) and p =
1 km (pink). The absorption coefficient introduces distance-
dependent frequency cutoffs, most prominently in seawater,
leading to significant suppression at high frequencies compared
to the unattenuated case in Fig. 3.

at the angular frequency scale +/wgc,/p~1.5x 10°-
1/300 m/p rad/s. This behavior is illustrated in Fig. 4,
where the pure water-attenuated signal is shown as a dotted
line for radial distances of 300 m (blue) and 1 km (pink).

We can derive an analytic expression for the pure water-
attenuated time-domain signal in the limits w < ¢,/04 and
p > c,/w. Substituting Eq. (12) into Eq. (16), we obtain

pure

a dE ¢ 1
Pa (P’Z)_ =

=30, & VaR
PCs -3/2 t_p/cs
) (\/Zo) r (\/pcs/wo/cs) )

where dE/dz = dEq/dz + dEy/dz. We have expressed
this in a form that allows for a straightforward comparison
with the unattenuated result. Upon comparing Egs. (7)
and (17), we see that we have the same functional form, but

with the replacement 64 — \/pc,/wy.
This change leads to two distance-dependent effects.

First, the attenuated signal amplitude now scales like
p~>/* instead of p~'/2. As a result, the attenuated signal
amplitude is reduced by a factor 10°-(p/300 m)3/4.
(64/0.1 pm)=3/2 relative to the unattenuated signal.
Second, while the pulse shape remains bipolar, as indicated
by the appearance of the function /,(A), the pulse width
has broadened significantly by a factor 10* - (p/300 m)'/? .
(64/0.1 pm)~! relative to the unattenuated signal.
Therefore, for the parameters used in Fig. 2, which led to
a pressure pulse with a 10 MPa-scale amplitude and a
bipolar pulse width on the order of 0.1 ns, for the same
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parameters, we expect an attenuated pressure at ~10 Pa
with a pulse duration on the ps timescale.

B. Attenuation effects in seawater

We now consider the case of seawater, where the full
expression for the absorption coefficient is used. Each of
the three terms in Eq. (14) in principle leads to a distance-
dependent cutoff in the frequency spectrum. In practice,
since we only consider radial distances up to a few km, the
boric acid term has a negligible impact as we work in the
regime where p < ;. For magnesium sulphate, there is an

angular frequency cutoff at approximately /@34,/(2p) ~

3 x 10°-,/300 m/p rad/s, which is approximately 5
times smaller than the cutoff in pure water. This behavior
is evident when comparing the pure water (dotted lines)
and seawater results (solid lines) shown in Fig. 4. The sea-
water spectrum exhibits an additional feature at p = 300 m,
where a distinctive shoulder near 5 x 10° rad/s is
observed. This arises because the real part of the magne-
sium sulphate absorption coefficient approaches an asymp-
totic value of 1/4, at high frequencies, so the exponent in
Eq. (15) tends to —p/4,. At p = 1 km, where the distance
significantly exceeds 4,, this term becomes negligible,
resulting in a frequency response that more closely resem-
bles the case of pure water, but with a lower frequency
cutoff.

Next, we examine the seawater attenuated signal in the
time domain. The results are shown in Fig. 5 for p = 300 m
(blue) and 1 km (pink) for m, = 102 g and o, =
10719 ¢cm?, where the 1 km pulse has been rescaled by a
factor of 10 for clarity. The frequency-dependent

—— 300m

6t = 1 km X10 A
my=10"2g
E 4 0y, =101 cm?
=
<2
A

=) 0 10 20 30 40
Time relative to (t — p/Cs) [us]

FIG. 5. Expected acoustic pressure in seawater from ultraheavy
dark matter with m, =107 g and 6, = 107" cm? at radial
distances of p =300 m (blue) and p = 1 km (pink, multiplied
by 10 for clarity). Compared to the unattenuated pulse in
Fig. 2, attenuation causes significant amplitude reduction and
temporal broadening. The signal experiences a small delay in
arrival time, which is most pronounced for the p = 1 km pulse,
due to dispersion from the absorption coefficient’s imaginary
component.

501 Pure Water

Sea Water

102 10°
Radial Distance p [m]

FIG. 6. The ratio of the height of the rarefaction peak (R) and
the compression peak (C) as a function of distance. The
asymmetry in seawater arises from the magnesium sulphate
absorption dominating at this distance scale, with the minimum
occurring around p ~ 1,. In contrast, the pure water case main-
tains a constant R/C ratio. The inset illustrates the definition of
the R and C peaks in the pressure-time domain.

distortions observed in Fig. 4 manifest as modifications
to the bipolar pulse structure. Three distinct phenomena
emerge relative to the pure water scenario.

First, we observe a delay in the arrival time of the pulse.
This is most evident for p = 1 km where the pulse is
shifted by approximately 15 ps. This delay in the arrival
time arises from the imaginary component of a(w), which
acts as an effective frequency-dependent refractive index
that modifies the group velocity of the propagating wave.
Quantitatively, the speed of sound is reduced by Ac, ~
—c2d(Ima)/ow ~ —c?/(Ayw,) = —2.6 cm/s.

The second modification is to the pulse asymmetry,
which we characterize by the ratio of the minimum-to-
maximum amplitudes of the pulse, also known as the
rarefaction (R) and compression (C) peaks, respectively. In
Fig. 5, we see that the asymmetry is more pronounced at
300 m compared to the 1 km pulse. More generally, the R/C
ratio as a function of radial distance is shown in Fig. 6. We
see that the seawater pulses have a smaller R/C ratio than
pure water for all distances. The minimum at just below
200 m is determined by the length scale 4,.

Finally, the bipolar pulse scaling in seawater is steeper
than both the unattenuated case (p~°-°) and pure water case
(p~'?). In seawater, the scaling follows three distinct
regimes: approximately p~!3¢ below 50 m, p~'9? between
50 and 500 m, and p~'*® at larger distances.

IV. SENSITIVITY ANALYSIS AND DETECTION
PROSPECTS

Having characterized the properties of the pressure pulse
generated by ultraheavy dark matter traversing seawater,
we now turn to the experimental prospects for detection
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using large-scale hydrophone arrays. Early feasibility
studies explored the sensitivity of existing underwater
arrays to acoustic UHE neutrino detection [77]. The main
challenge in detecting ultraheavy dark matter arises from its
extremely low flux, which requires detectors with excep-
tionally large volumes. Additionally, we must characterize
the detection efficiency, which depends on both the signal
detection threshold, py,., determined by experimental noise
sources and the sensitivity of the hydrophone, and the
maximum pressure amplitude induced by dark matter at a
given distance, pu..(p) = max,[p,(p,1)].

For a dark matter candidate, the number of detectable
events is given by

dE
Nevents = ¢)((m)() : Aarray n (d_Z (G;p U;{); pthr) ’ (18)

where ¢, is the dark matter flux, A,y is the effective area
of the hydrophone array, and 7 is the detection efficiency,
defined as the fraction of dark matter tracks within the array
volume that produces an observable signal.’

In what follows, we examine each component that
determines the sensitivity. We then present sensitivity
projections for a hypothetical large-scale hydrophone array.

A. Dark matter flux

Under the assumptions of the Standard Halo Model,
with a local dark-matter density of 0.3 GeV/cm?, the flux
of dark matter particles reaching the top of the Earth’s
atmosphere is predicted to be ¢, ~ 6(1 g/m,) km=2yr~!,
However, this atmospheric flux differs from the flux through
the detector array due to two effects. First, dark matter
particles arriving from below the detector must traverse the
Earth’s interior. For large scattering cross sections, these
particles may be stopped within the Earth, thereby reducing
the flux from those directions. Second, the dark matter flux
will exhibit a distinctive daily modulation. This modulation
occurs because, while dark matter particles arrive from a
range of directions due to the velocity dispersion in the
galactic halo, the solar motion through the halo induces a
preferred arrival direction aligned with the constellation
Cygnus [78]. As the Earth rotates on its axis, the hydrophone
array continuously changes its orientation relative to this
directional dark matter flux.

We illustrate this daily modulation in the upper panel
of Fig. 7, where we plot the expected flux as a function
of local time at the location of the Mediterranean Sea.
Our calculation assumes the Standard Halo Model for
the velocity distribution [79,80] and incorporates the

>This treatment assumes the average dark matter speed and
energy deposition rate, dE/dz, which is sufficient for our sensiti-
vity estimates. A more sophisticated approach would integrate
over the dark matter velocity distribution, but this is beyond the
scope of this work.

Flux [g/km?2/yr]

0y =107 cm?

—10-% cm?
oy=10""cm

1 1 1 1 1 l 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Local time [h]

0y =10"10cm?

Horizontal

1 1 1 1 1 1 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Local time [h]

FIG. 7. Upper panel: daily modulation of the ultraheavy dark
matter flux at the Mediterranean Sea location, showing a ~50%
modulation amplitude caused by the Earth blocking particles
from below. Results are shown for 6, = 10~ cm? (solid line)
and 107"" cm? (dashed line). Lower panel: daily modulation of
ultraheavy dark matter track angle relative to vertical. Solid lines
show the median cos @, with shaded regions enclosing 68% of
the distribution around the median. Modulations are calculated
from the first day of each month.

laboratory velocity relative to the Galactic Center
[81,82]. At this location, the flux varies between approx-
imately 3 —6(1 g/m,) km™2 yr~!, with a mean value of
¢, ~4(1 g/m,) km=2 yr~!. The flux reaches its maximum
when the Cygnus constellation is directly above the hydro-
phone array and its minimum when the constellation is on
the opposite side of the Earth, where incoming particles are
blocked by the Earth. For larger cross sections, we observe
an additional suppression of the flux. This arises because
particles with shallow zenith angles are stopped entirely by
the Earth’s atmosphere, leading to a slightly reduced flux
for 6, =107 cm? (solid line) compared to 10~'" cm?
(dashed line).

The lower panel of Fig. 7 shows the corresponding
modulation in the zenith angle distribution. While this
distribution confirms that all particles arrive from above the
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detector, the broad distribution of incident dark matter
directions makes this a less distinctive signature than the
flux modulation.

We also see from both panels in Fig. 7 that the phase of
this modulation shifts by exactly 24 h over the course of a
year. This occurs because the dark matter flux follows the
sidereal rather than the solar day. If detected, this character-
istic temporal pattern, combined with the ~10% annual
modulation in the flux amplitude, would provide an
unambiguous signature of galactic origin.

B. Array configuration

The detection of ultraheavy dark matter candidates
with masses exceeding 1 pg requires arrays with kilometer-
scale dimensions to achieve meaningful event rates. This
requirement aligns with proposals for UHE neutrino
detection, where similar considerations have led to designs
with hydrophones distributed throughout volumes of
O(100 km?) [61].

For our analysis, we consider a detector array in the
Mediterranean Sea with horizontal dimensions of 10 km X
10 km and a vertical depth of 1 km, positioned with its top
at a depth of 1.2 km, consistent with the attenuation
parameters assumed in Secs. II and III. The array consists
of a regular 45 x 45 x 10 grid of hydrophones, spaced
uniformly throughout the volume to achieve a density of
approximately 200 hydrophones per km?. This density lies
at the lower end of the range considered in previous
acoustic UHE neutrino studies [83,84].

While the physical array covers an area of
10 km x 10 km, in our efficiency calculations, we take the
effective area to be A,y = 10.5 km x 10.5km to account
for edge effects and tracks originating outside the nominal
array boundaries. We have verified that small variations in
this area (e.g., extending to 11 km x 11km) yield negli-
gible differences in our results. Significantly larger exten-
sions would require modeling the effects on the pressure
pulse of refraction and reflection from the surface and
seabed [62,69], which lie beyond the scope of this study.

C. Background considerations

A characterization of the noise sources that affect the
underwater array is needed to determine the detectability
of ultraheavy dark matter-induced pressure pulses. Since
hydrophones are typically optimized to operate at specific
frequencies, we focus our analysis on noise sources in the
10-100 kHz frequency band, which corresponds to the
typical operating range for acoustic neutrino detection.’®

In this frequency range, the dominant source of ambient
noise arises from sea-surface agitation due to weather
conditions, characterized by sea states 0-9 [85]. Studies

®Here, we refer to frequency rather than angular frequency.

of ambient noise at depths relevant for acoustic detection
have investigated the spectral properties and stability
of these noise sources (see, e.g., [86]). The fiber-optic
hydrophone designs proposed for acoustic neutrino experi-
ments aim to achieve levels of self-noise comparable to sea
state 0 [71], ensuring that the experiment will be limited
by sea state noise rather than instrumental effects.
Measurements from the OvDE (Ocean noise Detection
Experiment), a real-time experiment to monitor acoustic
signals in the Mediterranean Sea at a depth of 2 km, found
average levels of acoustic noise of 5.4 4 2.2(stat) +
0.3(sys) mPa in the 20-43 kHz band, consistent with
sea state 2 conditions [87]. Similarly, AMADEUS, also
installed in the Mediterranean Sea at a depth of about
2.5 km, measured a mean noise level of 10.15’ mPa in the
10-50 kHz band [88]. Since ambient noise levels typically
increase toward lower frequencies, the higher value mea-
sured by AMADEUS is expected because of the lower
frequency window.

The array must also contend with transient noise sources
that can exceed the ambient background. For instance,
dolphins emit signals with spectral characteristics similar to
those expected from both UHE neutrino and dark matter
events [89], while shipping traffic can also temporarily
increase noise levels [90]. However, these biological and
anthropogenic sources act as point sources of noise, while
ultraheavy dark matter produces a characteristic cylindrical
pressure wave that typically extends over several hundreds
of meters. Furthermore, significant progress has already
been made in reducing these transient backgrounds through
machine learning and clustering algorithms, as demon-
strated by the AMADEUS experiment [91]. In our analysis,
we assume an idealized scenario where there is perfect
discrimination against transient noise sources away from
the surface.

A final consideration comes from UHE neutrino events,
which these arrays are primarily designed to detect. These
neutrino events are a background to a dark matter search
since they produce acoustic signals with a bipolar pulse
shape that peaks in the same frequency range to those
expected from dark matter. The rate of UHE neutrino events
is expected to be a few events per year for a volume of
100 km?® [50,69,92]. Neutrino-induced tracks typically
extend over O(10) m, in contrast to the much-longer tracks
expected from dark matter.” This track-length difference
should provide a handle to distinguish ultraheavy dark
matter events from the UHE neutrino events. However,
detailed studies of track reconstruction lie beyond the scope
of this work.

"This refers to hadronic showers. Electromagnetic showers
from electron-neutrino charged-current interactions can be
longer, but have distinctive multipeak structures [93,94] that
distinguish them from both hadronic showers and dark matter
signals.
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D. Detection efficiency

We determine the hydrophone array’s detection effi-
ciency for tracks with constant energy deposition per unit
length through a bespoke Monte Carlo simulation of tracks
traversing the array volume. Specifically, we simulate
O(10°) tracks that intersect a plane of area 10.5 km x
10.5 km through the array’s center. The choice of the array
center for this plane is arbitrary, and we have verified that
variations in this position do not lead to appreciable
changes in our results. The tracks are generated with
azimuthal angles distributed uniformly between O and 2z
and zenith angles sampled uniformly between cos(6,) =
0.4 and 0.8, motivated by the angular distribution shown in
Fig. 7. For each track, we calculate the acoustic pressure
at every hydrophone position in the 45 x 45 x 10 array
configuration. Following the reconstruction requirements
for cylindrical sources established in Ref. [69], we classify
a track as detected if it produces a pressure exceeding the
threshold pg, in at least ten hydrophones. The detection
efficiency is given by the fraction of simulated tracks that
satisfy this detection criterion.

Figure 8 shows the detection efficiency as a function of
the energy deposition per unit length, dE/dz, for two
values of py,: 5 and 35 mPa. As we showed in Fig. 4,
attenuated dark matter-induced acoustic signals are
expected to peak in the 10-50 kHz frequency range, similar
to neutrino-induced signals. The value of 5 mPa corre-
sponds to a detection threshold taken in several UHE
neutrino studies [69,83,92]. Based on the measured noise
levels of ~5—10 mPa in this frequency band, this represents
an optimistic threshold that would require multidetector

107 — s5mpa
—— 35mPa

S 08
(]
c
QL
2 0.6
by
L
5 04r 100 km?3 array
*g 45 x 45 x 10 hydro.
-+ .
3] =10 hydro. required |
A 02 y q

0.0 , : . . 1

1073 1074 1073 1072 1071 100
dE/dz [keV/fm]
FIG. 8. Detection efficiency as a function of energy deposition

per unit length for tracks with constant energy deposition, shown
for two signal detection threshold values: 5 mPa (blue) corre-
sponding to an optimistic scenario, and 35 mPa (green) corre-
sponding to a more conservative scenario. The detection
efficiency assumes a 100 km? volume instrumented with 45 x
45 x 10 hydrophones, where detection of each event requires
signals above threshold in at least ten hydrophones.

correlation to achieve sensitivity below the noise level
measured in a single hydrophone. The extended track
length of dark matter events and our requirement of a
signal above threshold in at least ten hydrophones means
that multiple hydrophones will detect the same event,
with time delays from the finite speed of sound. When
signals from these detectors are properly time aligned and
summed, the dark matter signal adds coherently while
uncorrelated detector noise adds incoherently, thus provid-

ing a naive effective v/N improvement in signal-to-noise
ratio for N triggered detectors. In contrast, 35 mPa repre-
sents a more conservative threshold that ensures a signal-to-
noise ratio exceeds unity even for a single hydrophone,
without requiring multidetector correlation. From Fig. 8§,
for the optimistic threshold of 5 mPa, the detection
efficiency exceeds 50% for dE/dz =9 x 10~ keV/fm.
Increasing the threshold to 35 mPa reduces the sensitivity
by a factor of 7. This reflects a linear dependence of
detection efficiency on pressure threshold that we verified
across the range 1-50 mPa.

E. Projected sensitivity reach

Having characterized the array configuration, signal
threshold requirements, and detection efficiency, we now
establish the sensitivity reach of a hypothetical hydrophone
array to ultraheavy dark matter. As a baseline scenario, we
require at least ten dark matter events per year. While this
choice is somewhat arbitrary, it is comparable to rates
considered in UHE neutrino studies. The event rate is
proportional to the scattering cross section, so a linear
change in the required number of signal events corresponds
to a linear change in the sensitivity to o,.

The characteristic energy-loss length scale in seawater,
?«a» determines several boundaries in our sensitivity analy-
sis. From Eq. (4), when 6,/m, 2 2.4 x 107™* cm?/g, we
find £, <20 m. For such short characteristic lengths,
energy deposition occurs predominantly near the surface,
making it difficult to discriminate against surface-produced
background signals.® Therefore, we restrict our analysis
to parameter space where ., > 20 m. In contrast, when
Csea 2 20 km, the energy loss remains approximately con-
stant throughout the depth of seawater. Between these two
limits, there is a transition region in which the variation of
the energy deposition per unit length should be taken into
account. We describe our treatment of this regime in
Appendix C. In short, accounting for this variation shifts
the detection efficiency curves to higher dE/dz values,
similar to increasing the pressure threshold (see Fig. 12).

Figure 9 presents the projected sensitivity in the spin-
independent cross-section—dark-matter mass plane. The red
filled region shows the parameter space accessible to an

$This regime would also lead to significant attenuation as dark
matter traverses the atmosphere.
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FIG. 9. The red filled region shows the projected sensitivity
reach in the spin-independent cross-section—dark-matter mass
plane of a 100 km? volume instrumented with 45 x 45 x 10
hydrophones, assuming pgy, =5 mPa (solid boundary) and
P = 35 mPa (dot-dashed boundary), signals in at least ten
hydrophones per event, and at least ten events per year. Light-
orange-hatched regions show exclusion regions from cosmology
and astrophysics [40—44], blue from nontraditional search strat-
egies or repurposed experimental data [35,37-39,45,46,95], and
green from underground terrestrial experiments [15,16,96].

array with a 45 x 45 x 10 grid of hydrophones throughout
100 km?, assuming a 5 mPa threshold and requiring signals
in at least ten hydrophones. When the detection efficiency
falls below 10%, we set it to zero to ensure that only regions
with sufficiently robust signal detection contribute to the
sensitivity.

The right boundary of the red region in Fig. 9 is set
by the dark matter flux, while the lower boundary is
determined by the detection threshold. For a 35 mPa
threshold, the lower boundary would shift upward by
approximately a factor of 7, consistent with our detection
efficiency analysis (cf. Fig. 8). The diagonal edge is set by
our requirement that £, > 20 m, while the transition at
m, ~ 1077 g arises because the energy deposition begins
to vary significantly with depth, requiring larger signal
amplitudes for detection.

The acoustic array provides sensitivity to previously
unexplored parameter space in the regime m, ~ 10 g and
o, ~ 1078 cm?, and provides complementary coverage to
existing constraints from cosmology and astrophysics
(gray), nontraditional search strategies or repurposed exper-
imental data (blue), and underground terrestrial experi-
ments (green).

We make two final comments. First, a hydrophone array
is sensitive to both spin-independent interactions through
scattering with oxygen and hydrogen nuclei, and spin-
dependent interactions through hydrogen, unlike many
existing constraints that only probe spin-independent inter-
actions. Second, for pointlike candidates, the mean-free
path in seawater cannot be smaller than the intermolecular
distance (~3 x 1071 m), which leads to an energy depo-
sition per unit length of dE/dz~ 10~* keV/fm. From
Fig. 8, this is below our detection threshold. However,
as noted in Ref. [19], the large cross sections probed in
this analysis require dark matter to be composite, and
composite candidates naturally produce larger energy
depositions over extended regions, making them well
suited as targets for acoustic detection.

V. SUMMARY

The detection of ultraheavy dark matter presents an
experimental challenge because of its extremely low flux,
which scales inversely with mass. For candidates heavier
than approximately 10 pg (~10'° GeV), the detector vol-
umes required exceed those achievable with conventional
underground direct detection experiments. Alternative
detection strategies using geological, atmospheric, and
astrophysical targets have been proposed to overcome this
challenge.

In this work, we have explored the potential of another
avenue: large underwater acoustic arrays to detect thermo-
acoustic signals generated by ultraheavy dark matter as it
traverses seawater (cf. Fig. 1). These proposed arrays,
which could instrument volumes of order 100 km® with
relatively sparse instrumentation, were originally proposed
for the detection of ultrahigh energy neutrinos.

We first derived the thermoacoustic signal induced by
ultraheavy dark matter scattering off hydrogen and oxygen
nuclei, carefully characterizing the energy deposition
density along the dark matter’s track through seawater.
Solving the acoustic pressure wave equation, we showed
that attenuation-free solutions are bipolar in shape, with a
O(ns) duration (cf. Fig. 2) and broadband frequency
content with a cutoff at ~10' Hz (cf. Fig. 3).

We then investigated attenuation in seawater arising from
both viscous absorption in pure water and chemical
relaxation effects from dissolved salts. While the pressure
solutions maintain their bipolar shape, a new frequency
cutoff was introduced in the 10-100 kHz band (cf. Fig. 4),
dependent on the distance between the source of the
acoustic pulse and the hydrophone. This led to pressure
pulses with significantly reduced amplitude and increased
duration of O(ps) (cf. Fig. 5), while also exhibiting greater
asymmetry between compression and rarefaction peaks
(cf. Fig. 6).

Finally, after characterizing the dark matter flux
through the array and the detection efficiency in terms
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of the energy-deposition per unit length (cf. Figs. 7 and 8),
we determined the sensitivity reach for a large-scale
hydrophone array with volume 100 km?, instrumented
with approximately 200 hydrophones per km? and assum-
ing detection thresholds of 5 and 35 mPa—parameters
similar to those proposed for ultrahigh energy neutrino
detection. Our projections (cf. Fig. 9) show that such an
array could probe previously unexplored regions of para-
meter space. A distinctive feature of the acoustic detec-
tion method is its sensitivity to both spin-independent
interactions through oxygen nuclei and spin-dependent
interactions through hydrogen nuclei, contrasting with
some existing searches that probe only spin-independent
couplings.

To summarize, large underwater acoustic arrays, origi-
nally designed for ultrahigh energy neutrino detection,
could also serve as probes of ultraheavy dark matter. While
the focus of this paper has been on theoretical signal
characterization and sensitivity projections, with a view to
informing future detector designs, analysis of existing
hydrophone data may already constrain parts of the
parameter space. Such data includes that from SAUND
[97] and SAUND II [98]. We leave this for future work.
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APPENDIX A: ENERGY DEPOSITION DENSITY

In this appendix, we provide details of the steps leading
to Eq. (6). As the dark matter passes through material “A,”
it continuously loses energy through elastic scattering with
nuclei according to SE, = —E,6z/A,, where E, is the
mean nuclear recoil energy and 1, = 1/(n,0,) is the mean-
free path, expressed in terms of n, and o,, the number
density, and cross section (assumed independent of the
target species).

When traversing through seawater, the total energy loss
is therefore

dE,
Z

d— = —ZEAHAO' s (Al)
A

where A = {H, O} labels the atomic species, either hydro-
gen or oxygen, and the total mean-free path is
AN =34 A3" = 3ng,0,, Where ng, = ng = ny/2.

For isotropic scattering, the differential cross section per
unit energy deposited into species A can be parametrized as

dox _ o (A2)
dEA EA\ max ’

where E 4| o = 4u3E, (z)/(mym,,) and m, and p, are the
target mass and the target-dark matter reduced mass,
respectively, and E,(z) is the dark matter kinetic energy
at position z in the medium. From this, we determine that
the mean nuclear recoil energy for species A is E, =
2u3E,(z)/(mam,). Solving Eq. (A1) with this value of E,,
we arrive at Eq. (3) when we assume py =~ m, since
m, > my; the mass of a water molecule is mg, =
mg + 2my, where mg and my are the oxygen and
hydrogen atomic masses, respectively; and the kinetic
energy of the dark matter when it enters the water is
E,(z=0) = m,v}/2.

At this point, we should pause and consider the potential
impact of form factors, which are absent from Eq. (A2).
There are two form factors that could be included: the
nuclear form factor and a form factor associated with the
composite nature of the dark matter.

For spin-independent scattering, the nuclear form factor
is well modeled by the Helm form factor [66,99]. We
only consider scattering from light nuclei, so the impact
when the Helm form factor is included is essentially
negligible, since it leads to a less than 1% change in the
mean nuclear recoil energy. Therefore, our results can
be compared directly with the “Model 1” scenario defined
in Ref. [16], or with the wider set of constraints in
Refs. [37-41,43,45,96], which follow the same paramet-
rization as that employed here.

For composite dark matter, we would generally expect an
additional model-dependent form factor, which could,
depending on the dark matter model under consideration,
lead to a change in the resulting phenomenology. We will
not consider this further in this paper, but refer to the
literature [21,22,32,100-102] for a discussion of the
possibilities that have been explored elsewhere.

To calculate the energy deposition density, we need to
relate the energy loss of the dark matter to the energy
deposition in seawater. We use the SRIM software package
[103] to find the linear stopping power, S(E) = —dE/dx,
of an oxygen and hydrogen ion as a function of recoil
energy in water with the density set to p,.,. By integrating
the reciprocal stopping power over energy, we find the
continuous slowing down approximation (CSDA) range.
The upper panel of Fig. 10 shows this distance for hydro-
gen and oxygen ions as a function of the initial recoil
energy.
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FIG. 10. Upper panel: the continuous slowing-down approxi-
mation range of hydrogen (red) and oxygen (blue) ions as a
function of their recoil energy, calculated using the SRIM software
for seawater (modeled as water with a density of py,). Lower
panel: the one-dimensional energy deposition profile for oxygen
and hydrogen recoils. Solid lines show the numerical calculation
using Eq. (A4), while dashed lines show a Gaussian distribution
approximation.

With the standard scattering formula (e.g., Ref. [104]),

R
d_A:p_)(/ d3”}(fﬂ((vl) doy

—, A3
dEA meA U)( dEA ( )

Vmin

where we follow Ref. [80] to model the dark matter
velocity distribution f,(v,) (calculated with results from
Refs. [79,81]), we find that the mean recoil energy of a
hydrogen and oxygen ion, after averaging over the dark
matter velocity, is (E)y = 1.9 keV and (E)q = 30.2 keV,
respectively. From the upper panel of Fig. 10, we immedi-
ately learn that the typical distance scale for the recoils is
O(0.1 pm). This also implies that the energy deposition
due to a single recoil can be treated as instantaneous with
respect to hydrodynamic timescales, which are on the order
of tens of milliseconds [67].

We obtain the expected 1D energy deposition density,
q1p(z), as a function of distance by calculating

1 dR, dE
= E — —(E', 7).
q1p(2) /d R, dE' dz< ,2)

(A4)

The results are shown as solid lines in the lower panel
of Fig. 10 for hydrogen and oxygen ions. We approxi-
mate these distributions with a Gaussian distribution
(dashed lines), since this allows for an analytical solution
to Eq. (2). When fitting the Gaussian function, we ensure
the distributions integrate to match the mean energy
obtained from Eq. (A4). For hydrogen, we find a standard
deviation of ooqg = 0.082 pm, while for oxygen,
Orecoit,o = 0.14 pm.

Although the Gaussian fit slightly underestimates
the numerical calculation from Eq. (A4) at both small
and large distances, this level of accuracy is sufficient for
our purposes. This is because, as discussed in Sec. III,
the high-frequency components of the signal—those de-
pendent on the precise shape of the energy deposition
density—are naturally attenuated in seawater. Therefore,
the Gaussian fit captures the essential characteristics of the
energy deposition profile required for the current analysis.
If higher precision were needed, the energy deposition
density could be modeled as a linear combination of
Gaussian functions, following the approach developed in
quantum chemistry [105]. This approach is effective since
the solutions to the pressure wave equation, Eq. (1), satisfy
the principle of superposition.

To determine the 3D distribution, we apply the
assumption of isotropic scattering. For a single collision,
this translates to a product of Gaussian distributions in the
x, y, and z directions, normalized to give the mean energy
per collision. For dark matter that traverses the medium
along the z direction, scattering occurs on average every
mean-free path A, resulting in a total energy deposition
represented by a sum of Gaussian distributions separated
by A. Assuming an infinitely long track and accounting for
both hydrogen and oxygen contributions separately, we
q(r) =) (E)

obtain
oo (-252)
A 2Ugecoil.A

xm 3" exp (—%;i/*)ﬁ (AS)

recoil,A recoil, A

A 2
27 Grecoil,A

Since A4 < Gyecoira» WE Can approximate the sum over k as
an integral over 7/, where 7/ = kA4, and by identifying
dE,/dz = (E) /A4, as used at the starting point of this
appendix, we find

1 dE, 1 p?
S A D (=), (a6
— 27 dz o, © p< 202 (A6)

recoil,A recoil A

q(r)

where p = x? + y?. This matches the form given in Eq. (6)
when 64 = Gyecoii 4. Finally, if the dark matter radius R, is
larger than 6eoi1.0 and Gyecoi 11, the Gaussian width param-
eter in the x, y directions should be replaced with R, in
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Eq. (A5), leading to the same simplified expression in
Eq. (A6) but with 64, = R

APPENDIX B: FINITE-WIDTH ACOUSTIC
PRESSURE SOLUTIONS

Our aim is to find a solution p(r, t) of Eq. (2) given the
geometry of the energy deposition density from ultraheavy
dark matter, namely, as a long straight cylinder that is
symmetric around the azimuthal angle. The energy density
is given by ¢(r', 1) = q(r')O(¢'), where g(r’) is defined in
Eq. (6),and ¥ =t —|r—r|/c,.

" 4z, 61‘/ pp/ d¢/<

p(r.t)

It is useful to work in cylindrical coordinates where
7' is aligned along the center of the energy deposition,
and we align our coordinate system so that r =
(x,y =0,z). We define a time f, according to c13 =
(x=xP+(=y)?=(p—p'cos¢') + (p sin¢')?, such
that the propagatlon time 7 satisfies 27> = [r—r/|> =
(Z ) + cs tO’

This allows us to trade the 7' coordinate for z. This is
useful since, when we act with one of the time derivatives
from Eq. (2) on O(¢), we get the term 5(¢ — 1), so can
immediately integrate over the 7 (equivalent to z') extent of
the track. Upon doing this, we arrive at

<p ¢, z+c5\/t2—t(2)) [O(t —ty) — O(t — 7,)]
+\/ﬁ (p d.z— /1 —to)[®(t—t0)—®(t—ra)]),

(BI)

where the two terms arise from contributions from 7’ < z and 7' > z, and 7, and 7, are the arrival times for each end of the

track.

Since observations occur far from the track axis, we can use the approximation

citg~p—pcosd,

(B2)

and make a change of variables from p’, ¢’ — p/, t. After carefully considering the domain of integration in the (p/, #y)

coordinate system, we arrive at the expression

_cgdty pldp’

p ’
o Zﬂcpaf VI =15 Ji=ciul /™ = (p = ¢510)?

co\/ 12— t%) O —19) — O(1 — ra)]) )

+q(ﬂ’,to,z

1. Constant-energy-deposition time-domain solution

For long tracks, we can take the limit z,, 7, - oo and
further assume we are in the regime where dE/dz7 is
independent of z’. Were this assumption not valid and
dE/d7 changed rapidly with 7/, the dark matter particle
would soon come to rest, so the assumption of a long track
would not be valid.

dE 1 2 /2 — Ctsi 2
p(r.t) = L——&/ du(p — ¢yt sinu) sin u exp <—w>
0

2nc, dz \2n 0’

(a(Fot0z o/ =) (0= 1) - 001 )

(B3)

After making these approximations and substituting
Eq. (6) into Eq. (B3) (assuming one species contributes,
so we can drop the subscript A), the integral over p’ can be
performed analytically. However, the remaining integral
has no (exact) closed-form solution, but it can be written in
a form suitable for numerical integration by introducing
to = tsinu, so that

2062 (B4)

However, this form poses a significant computational challenge due to the extreme scales involved. Specifically, recall
that 6 ~ 0.1 pm while p ~ 100 m. To explore alternative forms of the solution, we first use a trick of rewriting the

exponential as an integral,

—c.tsi 2 1 0 2x2
exp [ - (p = ¢y ;m u) _ > / dXexp | — i cos [(p — c,tsinu)X],
20 -0 2

(BS)
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which allows us to perform the integral over u, and to arrive at

a dEc? [« 2

:27rcp dz 2 Jo

p(r, 1) dX exp (— e

Here, J;(x) is the Bessel function of the first kind and
H_,(x) is the Struve function, and we have used that the
integrand is an even function. This is still an exact form, but
as the integral is dominated by values of X ~ ¢~!, and since
o < p, the arguments of the Bessel and Struve functions
are always large, so it is a good approximation to replace
them with the leading term in their respective asymptotic

|
I,(A) = /0oo dYV/Y exp (— f) cos (AY + Z)

~szmree () [ v (5

Here, we have introduced A = (¢;t —p)/o and Y = 6X
as dimensionless variables, while 7,(z) and K, (z) are
modified Bessel functions of the first and second kind,
respectively. The variable A can be considered as a
dimensionless time parameter, while Y can be regarded
as a dimensionless wave vector. The variation of 7,(A)
as function of A is shown in Fig. 11. Upon taking the
limits as A — 4o, we find the limiting forms given in
Egs. (8) and (9).

The asymptotic expansion provides an excellent approxi-
mation across all physically relevant distances. Atp = 1 m,
Egs. (B4) and (B7) agree to within 0.5%, while at larger
distances the agreement improves dramatically: within
better than 5 x 1073% at p = 100 m.

1.0F T T T T T T

0.5 b

0.0r b

Ip(A) [Dimensionless]

055 0 5 10 15 20

A [Dimensionless]

FIG. 11. The dimensionless bipolar-pulse function 7,(A) as a
function of the dimensionless time parameter A. The function
takes O(1) values, therefore the amplitude of the signal is
determined by the prefactors.

2X )X[sin(Xp)H_l (cstX) = cos(Xp)J, (¢otX)].

(B6)

expansions. With this approximation, we arrive at the
expression

a dE 2 1 t—p/cg
GLoKp)=r——————1 , (B7
plrtia <p) = 5o STt (1), (o)

where 1,(A) is the “bipolar-pulse function,” defined as

(B8)

)l E ) a2

(B9)

2. Constant-energy-deposition frequency-domain
solution

The pressure pulse in the frequency domain is defined as

B(r, @) = /_°° drexp (—iwf)p(r,1).  (B10)

(59

Since p(r,t) is a real-valued function, the negative fre-
quency components are obtained from p(r,—w) =
p*(r,w), i.e., from the complex conjugate of the positive
frequency component. Therefore, we focus on the case
when w > 0.

To proceed, we find it most useful to use the form of
p(r,t) as given in Eq. (B6). By making use of the result that
for X,w > 0,

/_ " dre='[sin(Xp)H_, (c,1X) — cos(Xp)J, (c,1X)]

o

(B11)

2i 1 .
e A0 <x - 9) . (B12)

2
5 X\/X? —w?/c? Cs

After letting X = w/c,sec, we obtain the result given
in Eq. (10).

APPENDIX C: LINE-TRACK ACOUSTIC
PRESSURE SOLUTIONS

In this appendix, we derive expressions for the acoustic
pressure when the energy deposition occurs along a line
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track. For a line track, the energy deposition density takes
the form

1 dE, , 8(p)
Il oy - S
q(p’. ¢'.7) 2MZ,(Z) o

(C1)

where 6(p’) is a Dirac delta function. As before, (p, z) are
the coordinates of the hydrophone, while the coordinates of
the energy deposition are (p’, 7).

We showed in Sec. II that in the observational fre-
quency range, the acoustic pressure is independent of the
track width. Therefore, the line-track solution provides an
appropriate limiting case for observational frequencies. We
consider Eq. (C1) in two regimes: the constant-energy-
deposition regime where dE/dz’ is assumed to be constant,
allowing us to verify consistency with previous results, and
the energy-deposition-varying regime, where we account
for variation of dE/dz’ with position along the track.

1. Constant-energy-deposition regime

Upon substituting Eq. (C1) into Eq. (B1) and taking the
limits z,,, 7, — oo, corresponding to the infinite line case,
we arrive at

(po2t) = — 9 GL_tO) d—E( +C\/t2—t2)

p p?z’ _4n'cp0t 12—[(2) dZ/ Z S 0
dE

+d—z,<z—c“/t2—t%)]}.

This form demonstrates that the pressure solution arises
from the sum of two rays at distances c,+/1> — 13 along the
track above and below the point z. For the regime where
dE/d7 remains constant, both contributions are equal,
yielding

(C2)

a dEd [(O(t—1)
P(ﬂ,z,t)z2 B B
mc,dz ot \ |/t -7

a dE (6(t—1y) 1O(t—1y)
VA2 (P-2)p"

- 2mc,d?

Since the energy deposition density has zero width, a Dirac
delta function replaces the bipolar pulse shape at the initial
arrival time t, = p/c,, followed by an amplitude that
decays with a long tail. This result is consistent with that
derived by Learned [53], differing only by a factor of 2
since the Learned calculation considers only rays below the
observation point.

It is also consistent with the late-time expression
given in Eqs. (7) and (9). To demonstrate this, we write
(2 — 3)73/2 = t(t + 1) ¥/?(t — t,)~*/%. Since only small
intervals around #, contribute significantly to the signal, so
we can approximate #(t + t) />~ 273/%(p/c,)™% to re-
cover our earlier result.

). (C3)

2. Energy-deposition-varying regime

We now consider the regime where dE/dz’ varies with
position. For dark matter tracks, the energy deposition
decreases exponentially along the track, motivating the

form
Z/
“2) (4
p( b,,) (c4)

where dE/d7/| is the initial energy deposition rate and # is
the characteristic length scale over which the energy
deposition varies.
Substituting Eq. (C4) into Eq. (B1) and taking the limit
7,,Tp — 00, We obtain
dE z
plp.2t) = 27c, d7’ Oexp < f)

d [O(t—1y) e/ 12— 13
X & |:t22COSh <f .

The cosh term can be approximated as

) —
cosh (%W) s cosh( At(f,t,g))’ (Co)
2 £ \2?/300 m
A(Z,p) = ~ 10 . C7
=g () (557)

The timescale A(Z,p) is much larger than the O(ps)
timescale over which the pressure pulse develops, so the
cosh term varies slowly and can be approximated as unity.
As a result, the exponential prefactor exp (—z/¢), where z

1 8(p') dE
/ / ! —
q(p'.¢'.7') o dl

(C5)

1.0t
o
> 0.8 ’ , /T
Q
c
Q
L 0.6
e € E g E
E s 88 :
.2 04 S | 100 km? array
*g E 45x45x10 hydro.
-~ N .
8 0.2 =10 hydro. required |

Pthr =5 mPa
0.0
1073 107! 10! 108

dE/dZ'|o [keV/fm]

FIG. 12. Detection efficiency as a function of the sea-surface
energy deposition per unit length, dE/dz'|,, shown for different
characteristic energy-deposition length scales #. The detection
efficiency is calculated for a 100 km?® array instrumented with
45 x 45 x 10 hydrophones, assuming a detection threshold of
5 mPa and requiring signals above threshold in at least ten
hydrophones.
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is the distance along the track between the sea surface
and the point closest to each hydrophone, provides the
dominant modification in the regime of varying energy
deposition.

In this regime, it is necessary to recalculate the efficiency
to account for the exponential term. Similarly to the
procedure described in Sec. IV, we simulate O(103) tracks
that intersect a plane of area 10.5 km x 10.5 km through
the array’s center. The top of the 45 x 45 x 10 array is
positioned 1.2 km below the sea surface. For each track and
hydrophone in the array, we determine both p and z, then
calculate the acoustic pressure including the corresponding
factor exp (—z/¢). We assume that the sea surface is 1.2 km
above the top of the array grid.

Figure 12 shows the detection efficiency as a function
of the sea-surface energy deposition per unit length,
dE/d7|,, for several values of ¢ between 20 m and
20 km. In all cases, we assume that p; =5 mPa and
classify a track as detected if it produces a pressure that
exceeds the threshold in at least ten hydrophones.
Comparing with Fig. 8, we see that we recover the
constant-energy-deposition efficiency for ¢ = 20 km. For
smaller values of 7, the attenuation of energy along the
track means that we need larger values of dE/d7|, to
produce observable signals. However, we find that detec-
tion remains possible even at £ = 20 m, the smallest value
we consider, although larger initial energy deposition rates
are required.
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