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Abstract

This article discusses strong nuggets (SNs), which means strong interaction condensed matter with a mass of
about 10° g. They may originate from the early universe, supernova, pulsar merger event, and so on. Depending
on the equation of state, the SNs could be stable and even be one of the candidates for dark matter. In order to
detect SNs which hit the Earth or the Moon at a non-relativistic velocity, a new messenger, the acoustic array, is
analysed. The results of the calculations show that the impact signal of an SN can be detected at a distance of
about 30 km from the nugget’s trajectory. By using microphone boxes, hydrophones or seismographs to construct
an array in the bedrock, ocean or on the Moon, it is possible to reconstruct the velocity, mass, and interacting
cross-section of SNs, and then constrain also the nature of supra-nuclear matter. The acoustic array can also be
used for distributed acoustic sensing of meteorites or earthquakes. The sonar localization system on the proposed
High-energy Underwater Neutrino Telescope is suggested as a pathfinder for acoustic array detection.

Key words: (cosmology:) dark matter — dense matter — shock waves — instrumentation: detectors

1. Introduction

The knowledge humans have about the material world was
surrounded by speculation or superstition until the early 20th
century when the era of quantum physics and relativity arrived,
consequently, leading eventually to the great success of the
“standard model of particle physics” in the 1960s and 1970s, in
which the building blocks of the world are fundamental
fermions with interactions mediated by gauge bosons. In
contrast to the inductive approach mentioned above, the
deductive derivation of the standard model is embraced in
contemporary physics, particularly in the study of multiquark
states (e.g., Chen et al. 2016; Guo et al. 2018; Karliner et al.
2018; Chen et al. 2023). This field serves as a critical testing
ground for the underlying theory of the strong force, quantum
chromodynamics (QCD), in its non-perturbative regime. It is
well known that normal baryonic matter consists only of
atomic nuclei and electrons, condensed by the electromagnetic
force in solid or liquid states, while the nuclei are droplets of
stable nucleons condensed by the strong interaction.” Could
strong nuggets (SNs) made up of other stable bound states
(e.g., “exotic” baryons) and even free quarks exist in our
world? How can we even detect them? These questions are the
focus of this article.

The above questions become more pressing as we try to
understand a star when its nuclear power is exhausted. In the
glorious era of the development of quantum mechanics, the

3 By convention, we simply call the former electric matter and the latter
strong matter. An SN is actually QCD-condensed matter with a large baryon
number A (e.g., A > 10%) at about nuclear density.

new Fermi-Dirac statistics was first applied to understand
white dwarfs, with the quantum degenerate pressure against
self-gravity (Fowler 1926), but the pressure cannot be
sufficient when the energy-momentum relation is corrected
by special relativity, so that the dwarfs must collapse if their
masses are greater than a certain limit (Chandrasekhar 1931).
What happens beyond this Chandrasekhar limit? A neutral
“giant nucleus” was superficially anticipated before the
discovery of the neutron (Landau 1932; Yakovlev et al.
2013), which can be regarded as the prototype of the neutron
star, and unexpected pulsars (Hewish et al. 1968) were soon
thought to be the physical reality of the speculated neutron
objects. However, in the era of the standard model of particle
physics, nucleons (i.e., protons and neutrons) are bound states
of quarks, mostly with three light flavors, and one can in
principle have another natural way to neutralize a gigantic
nucleus, besides neutronization, if strangeness is included (for
recent introductions, e.g., Lai et al. 2023; Xu 2024; Xia et al.
2024). What is then the real nature of pulsar-like compact
objects?* It is worth noting that, due to the non-perturbative
QCD behavior, the equation of state of the supra-nuclear
matter inside pulsars is the most challenging problem in multi-
messenger astronomy, especially after the discovery of
gravitational waves from binary neutron star mergers
(Baiotti 2019). Nevertheless, roughly neutral SNs would be a
direct consequence of the fact that pulsars are strange stars

4 These objects are commonly referred to as neutron stars in the literature,
but this does not mean that they are actually made up of neutrons. Never take
that word for granted.


https://orcid.org/0009-0003-3145-1795
https://orcid.org/0000-0002-9042-3044
mailto:qhy021@pku.edu.cn
mailto:r.x.xu@pku.edu.cn
https://doi.org/10.1088/1674-4527/ade953
https://cstr.cn/32081.14.RAA.ade953
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/ade953&domain=pdf&date_stamp=2025-08-01

Research in Astronomy and Astrophysics, 25:095010 (11pp), 2025 September

with the light flavor symmetry of valence quarks, and it is
highly encouraged to explore the observational implications of
these SNs.

There is, of course, a variety of SNs proposed in either the
“old” physics (i.e., the standard model) or the new physics
(i.e., beyond the standard model). Collapsed nuclei with
strangeness have been conjectured in the quark model
(Bodmer 1971), and strange quark matter (SQM) in bulk is
seriously discussed as a ground state of baryonic matter (e.g.,
Witten 1984), manifesting in the form of compact stars,
cosmic rays, and even dark matter. An axion domain wall was
invented to enclose the SQM, which could generate pressure to
stabilize it against decay into baryons (Zhitnitsky 2003, 2021).
These axion-quark nuggets (AQNs) could consist of both
matter and antimatter, preserving the quark-antiquark symme-
try during the QCD epoch. There is also an alternative way to
keep quark-antiquark symmetry, in which all the antiquarks
are simply bound into antiquark nuggets (antiQNs) (Flambaum
et al. 2023, 2025). Nevertheless, non-strange two-flavor quark
matter (i.e., udQM) has also been conjectured with the
inclusion of flavor feedback on the QCD vacuum, which
could be more stable than SQM and ordinary nuclear matter at
sufficiently large baryon numbers (Holdom et al. 2018; Ren &
Zhang 2020; Zhang 2020). It is worth noting that such a
diverse form of SN is also proposed as a candidate for dark
matter in the extremely non-relativistic regime, enigmatic
matter with speculated particle masses of more than ninety
orders of magnitude (Cirelli et al. 2024), i.e., from 1072 eV to
10*7 g, or (107°°-10°") GeV.

The story of strong-interaction matter changes, however, if
non-perturbative QCD effects for bulk strong matter are
treated with care, potentially leading to two consequences: (1)
special bound states as a result of “condensation” in position
space for quark matter, and (2) the enigmatic hard core
between the states, as in an analogy to that between nucleons.
Certainly, atomic nuclei are the epitome of the case of two
flavors of valence quarks, in which nucleons are the stable
bound states. An extension from two to three flavors would be
welcome and straightforward, and the corresponding nucleon-
like bound states have been conjectured to be strangeons,’
formerly known as strange clusters (Xu 2003). In addition to
the micro-physical logic mentioned above, the idea of
strangeon matter (SnM) in bulk would also support Landau’s
belief of neutralizing a gigantic nucleus. Indeed, the strangeon
star model shows indomitable vitality in understanding
astronomical observations, including the stiff equation of state
for massive pulsars (Lai & Xu 2009), the low tidal
deformability of binary compact star mergers (Lai et al.

5 It is evident that strangeons not only form QCD-bound states but also
exhibit a short-range repulsion between each other. Even for atomic nuclei, the
nuclear repulsive core, which provides the nuclei their stability, is still not well
understood in QCD. Nonetheless, one might be able to model the hard core
with a linked bag approach (Miao et al. 2022).
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2019), and the huge free-energy required for burst events (Xu
et al. 2006; Chen et al. 2024; Wang et al. 2024). In addition, it
is proposed that a crossover QCD phase transition could occur
in the early universe, and that stable strangeon nuggets (SnNs)
could form before the big bang nucleosynthesis, manifesting in
the form of dark matter (Wu et al. 2024). Anyway, we can sum
up different versions of speculated strong matter: SQM, AQN,
antiQN, udQM, and SnM, and are focusing on so-called
“strong nuggets” with baryon numbers much smaller than
those of stars and planets in this paper.

To be honest, we cannot yet determine the minimum baryon
number, A, a critical value for stable SnNs. Both the
fundamental strong and weak interactions should be included
to define this value. Given the importance of the electron’s role
in the asymmetry of e® (Xu 2020), we could therefore use
the electron Compton wavelength, Ac = h/(mec), to estimate
the critical baryon number, Ay ~ (Ac/1 fm)? ~ 10'°,
The value of A.; could become smaller if the strong
interaction is involved. We may, however, take stock of
the baryon number of SNs as dark matter candidates,
A 2 10%*[ppy /(0.3 GeV em ™) [/(1077 em~2 s~ H]~ L, if the flux
of SNs, ¢, is lower than the constraint from IceCube’s
negative detection of magnetic monopoles (Aartsen et al.
2014), with ppy the dark matter density around the solar
system. We will hence examine SNs with baryon number,
10® < A < 10*, in the following sections.

We are studying the interaction of SNs traveling through the
Earth or the Moon at a non-relativistic velocity, and trying to
detect the signals with an acoustic array. We perform our
calculation using spontaneously magnetized SnNs (Lai &
Xu 2016) as an example, but the results could also be
meaningful for other kinds of SNs if the cross-sections are
adjusted. The physical properties such as radius, mass, number
density, and cross-section of SNs are introduced in Section 2.
Section 3 is relevant to the acoustic detection of an SN,
including the penetration depth, the characteristics of the
sound waveform generated, and the decay and critical
detectable distance of acoustic signals in water and rock
media. Discussion and conclusion are presented in Sections 4
and 5, respectively. Unless otherwise stated, we formulate in
the cgs Gaussian unit system.

2. Physical Properties of Strong Nuggets

There are some similar properties among different kinds of
SNs. The density of an SN is about 1.5 times the density of
nuclear matter (Yuan et al. 2025), pgy =~ 4 x 10" gem=3,
with a uniform density when there is no pressure. We will use
A = 10" as a typical baryon number of the SN, and can then
calculate the mass of the SN, mgy = 1.7 x 10° g (A/10%9), as
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well as the geometric radius,

( 3mSN )1/3
n=|—
4mpsn
A \/3 P —-1/3
=16 x 103 cm ) SN . 1
(1030 104 gcm™3 M

Another important parameter is the charge-mass ratio of the
nugget, 6o = N./A, with N, the number of electrons in a single
SN. For SQM, we can calculate that §, ~ 107°~107° in the
MIT bag model, depending on the strange quark mass mig
(taken as ~95MeV) and the coupling constant «, (Farhi &
Jaffe 1984). For flavor-asymmetric #udQM in bulk, one could
also have a relatively small 6. to allow for Landau’s
neutralization. For SnM, the ratio . could be of order of
10721073, since it would be considered as linked bags of
strangeons (Miao et al. 2022). Thanks to this extremely small
de,» SNs can be candidates for dark matter. In this picture, most
SNs in the vicinity of the solar system are virially bound to the
Milky Way, moving at a typical velocity of v = 220km s~
relative to Earth in all directions. A small part of the
SNs is generated in the supernova or compact star merger
process, which may have speeds up to an order of v = 0.01c¢
(Siraj & Loeb 2020). The number density of SN is
nsy = ppm/Msy = 3.2 x 1073 em™3(A/10%)~!. Then the
event rate of SN impact is

PsN = NsNV
. \%
220 km s !

A -1
=70 x 107 s'cm2(1030) )

Substituting the Earth’s cross-section 7R2 = 1.3 x 10'8 cm?,
the numerical factor of the front corresponds to an event rate of
about 280 yr—'.

The next issue that matters is to calculate the cross-section
of SN. First, let us look at the self-interacting cross-section as
dark matter. Because of ionization, the SNs travel in the
interstellar medium, with an effective interacting length of
the Debye length, Ap = /(kgT)/(47nee?) = 6.9 cm/T/n,.
Typically, for the interstellar medium, the temperature
T = 10°K and the electron number density n. = 1cm >,

and one has then,

OSN_selt/MsN = TAD/msn

—1
—09em g [ 3)
' 10%) "’

which is consistent with the observational limits of self-
interacting dark matter (Carlson et al. 1992; Popolo et al. 2020;
Tseng & Yeh 2024; Nadler et al. 2025).
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Table 1
The k-Value for Different Kinds of SNs

Type of the SN k

strange quark /antiquark nugget 10'-10?
ud-quark /antiquark nugget ~10°

axion-quark/antiquark nugget 0.1-10°
strangeon nugget 10'-10?

Then, the geometric cross-section of an SN reads,

OSN_geo — 7'”'02
2/3 -2/3
—8.0 x 10*6cm2( A ) Psn ,
1030 104 gem=3
“4)

which is much smaller than ogn_¢i¢. It does not conflict with
the dark matter hypothesis.

For different kinds of SNs, because of the possible magnetic
field, different types of interactions (some kinds of SN may
interact with ordinary matter through nuclear force, some
through electromagnetic force), and the incomplete momen-
tum transfer from SN to medium particles, the effective cross-
section could be different. See the Appendix for detailed
calculations. For convenience, we may define the cross-section
in general

A 2/ 6 2
OSN = k- (10—30) - 8.0 x 107 cm”. (5)

Here, the factor k measures the real cross-sections relative to
the geometric cross-sections of different SNs. Although the
relations of ogy — A change in different SN models, we can
still scale the cross-section with A%/3, which is proportional to
the geometric section of SN, and roughly set k independent of
A. Certainly, the cross-section ogy also depends on the velocity
v, but for the sake of simplicity, we treat ogy as a constant
when v changes. This is due to the fact that the penetration
depth of SN, as described in Section 3, is greater than 10 km.
For an acoustic array whose depth is a few kilometers at most,
the velocity v of SN does not change significantly.

The range of k-value is discussed in the following. On the
one hand, the geometric cross-section is a benchmark for the
value of k. For an SN that interacts directly with ordinary
matter via its geometric cross-section, k = 1. The incomplete
momentum transfer would reduce the effective cross-section,
but not by orders of magnitude, so the lower limit of k is taken
to be 10”'. On the other hand, the cross-section of the
ud-quark nugget with magnetosphere is assumed to be the
largest in all SN models, indicating the upper limit of k-value,
k=10 Therefore, we take 107" < k < 10? in the calculations
below. Table 1 shows the k values for different kinds of SNs.
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Figure 1. The characteristic penetration depth of impacting SNs. As a
comparison, the radius of the Earth is about 1088 cm, the solid line in the plot.

3. Acoustic Detection

As SNs travel at non-relativistic velocities when they impact
the Earth, the shower effect may not be significant. However,
the mechanical shock wave (i.e., the acoustic wave) may be
detectable. Due to the geometric radius of an SN (about
107°-10"" cm, see Equation (1)) being much larger than the
typical distance between molecules (about 10~*~10"7 cm), we
can treat the medium as continuous, and the hydrodynamic
equations can be applied.

First, we calculate the penetration depth of an SN. The
energy deposition in unit penetration depth is —dE;/dx =
Firag = OSN * PmeaV?/2,  with  Ex = mgyv?/2.  Solving
this ordinary differential equation, we can obtain

_ " AN pme Yy 220kms ! :
x=42x 10" cm k (1030) ) In(EE) s
evident that the velocity decays exponentially with penetration

depth, and the characteristic decay depth is thus

Xpene = 4.2 x 10 cm

-1
k*l( A )1/3 pmed . (6)
1030 lgem™3

As a comparison, the radius of the Earth is 6.4 x 10% cm.
When SNs impact the Earth, they will first pass through the
atmosphere. To evaluate whether an SN can reach the ground,
we make the approximation that the atmosphere has uniform
density pmed = 1.2 x 107 g cm™> and has a thickness of
Xam = kT /Migmg = 8.8 km. Let Xpene > Xam, ONE can derive
easily that A > kK - 1.6 x 10* All the SNs with
10® < A < 10% and 107! < k < 10® can reach the ground,
and we ignore the influence of the Earth’s atmosphere below.
The penetration depth based on Equation (6) is shown in
Figure 1. SNs with small baryon numbers and large cross-
sections will stay inside the Earth or the Moon after impact.
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However, most SNs would easily pass through the Earth or the
Moon, leaving only some energy on the trajectory, then return
to the interstellar medium and re-virialize.

Second, we analyze the waveform of the SN acoustic signal.
When the SN passed, the compressed medium generated a
primary shock wave followed by a secondary wave caused by
diffusion and scattering. Using an acoustic array, we can try to
detect the particular acoustic signal from an SN, integrate the
sound pressure signal to calculate the sound energy at different
positions and times, and reconstruct the velocity and deposited
energy of the SN.

Let us see the frequency of the sound wave generated by an
SN. Define ¢, as the time interval between the pressure peaks
and troughs, i.e., the duration of the shock wave. Maher (2006)
gives the duration from the gunshot measurement data,

1/4
NG
t,=182- "SN( VR )
Cs * N

Cs Js
= 0.031 ms k3/8( A__R d )1/4
103 1 km 220 km s~!
—5/4
Cs
' ( 1 kms™! ) ’ M

where ./osy is the effective size of the SN “bullet” in the
ordinary medium, R is the distance from the SN trajectory, and
¢ is the sound speed in the medium. The frequency of the
shock wave is order of f; = 1/t,. For 10> < A < 10,
107! < k< 10°, R = 1 km, and ¢cs =3 km s 1, we have f; from
~0.54kHz to ~5.4 MHz.

We can estimate the wave frequency using another method.
If we have a Gaussian wave package first, its spectrum will
also be Gaussian, proportional to exp[—(w — wp)?/24?], in
which wy is the initial peak frequency of the spectrum, A is the
spectral width (in fact, the full width at half maximum is
2.355A). In a half-cycle pulse, wy ~ A =~ 1/t,. For an SN, the
initial pulse frequency is about ¢,/ /osy ~ 100 MHz,
approaching a delta function. For a wave with a quality factor
Q, the decay factor is exp(—wt/Q). If Q remains constant as
the amplitude decays, the peak frequency is wy — Azt/ Q. But
the peak frequency cannot be negative, so we can interpret ¢ as
the timescale for the decay of a wave with frequency wy.
Therefore, for a wave detected at time ¢ after the generation of
the delta-function pulse, the peak frequency should be given
by the expression wy = Q/t. At a distance of 1km, because
¢y =~ lkm s~ ', the propagation time is approximately 1 s.
According to the data in Dziewonski & Anderson (1981),
0 ~ 5.8 x 10* for a compression wave in the crust or in the
ocean, S0 wp =~ 58kHz. It is close to the results from
Equation (7). Due to the non-uniformity and diversity of the
medium, more accurate values will need to be obtained from
future field acoustic measurements.
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Figure 2. The hydrodynamic numerical simulation result of an instantaneous
linear-shape pressure injection at R = 0 and ¢ = 0. The time evolution of the
waveform is plotted in the cylindrical coordinate system. The horizontal axis is
the distance R from the pressure injection line (i.e., the SN trajectory). The
vertical axis is the sound pressure (i.e the deviation from hydrostatic pressure)
Py, in units of py = 1.0 x 10° erg cm™>. As the sound wave propagates, the
amplitude and the frequency decrease.

Signals from SNs with larger ogy could have lower
frequency, but the environmental noise is stronger in the
low-frequency region, and the event rate of a larger ogy is
lower. Signals from SNs with smaller ogy have higher
frequency, but this high-frequency sound wave would decay
fast in the medium. When the distance R increases, the
frequency decreases. Taking all these factors into account, we
can use civilian microphones with a sampling rate of 192 kHz
to detect the SN signal whose frequency is lower than 96 kHz
(half of 192kHz). We could also use existing earthquake
monitoring stations, but the sampling rate of existing
seismographs, 1 Hz to 1kHz, is relatively low (Tian &
Liang 2013; Goldman et al. 2020; Chen et al. 2022; Darzi
et al. 2024). It is necessary to develop advanced monitors to
capture the SN signals at high frequency.

For a common medium, the sound speed ¢, >~ (1-10) km s,
and the Mach number v/c, is then much higher than 1, so the SN
impact event produces an almost simultaneous pressure injection
on a straight line, i.e., like a linear-shape explosion. Using a
simulation code developed independently, we numerically
simulate the hydrodynamics process of the pressure injection,
with the result shown in Figure 2. The code is based on the finite
volume method in Godunov format (Godunov 1959) of the mass,
momentum and energy conservation partial differential equations,
using three-dimensional rectangular volume elements. The
simulation focuses on the generation, propagation, and waveform
of the shock wave, so we use the inviscid conservation of
momentum equations and the ideal gas equation of state to
simulate the near-field behavior of the shock wave. To
reconstruct the mass density, energy density, and momentum
density of the fluid from the center to the boundary of each
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volume element, we use the piecewise linear method (PLM) with
a minmod gradient limiter. To calculate the conserved fluxes on
each surface of each volume element, we use the HLLC solver
proposed by Harten et al. (1983) and Toro et al. (1994), with an
adaptive improvement in the software Athena++- (Stone et al.
2020). From Figure 2, we can see the rapid reduction of the
amplitude of the pressure wave at a small range, mainly caused
by cylindrical geometrical spreading. We can also see that the
frequency decreases when the sound wave propagates. The
waveform shown is an obvious compression wave followed by a
weaker expansion wave. These two parts make up the primary
shock wave. The secondary wave is not shown because we use an
inviscid and homogeneous medium in the simulation. It is more
obvious at a greater distance. We focus on the energy taken by
the shock wave shown.

Third, we calculate the critical detectable distance R, from
the impact trajectory of an SN. To find the R, we need to
consider the influence of geometrical spreading and medium
absorption of sound energy. The relation between sound
pressure ps, i.e., the deviation from hydrostatic pressure, and
sound energy per unit penetration depth dE; in a cylindrical
wave front gives

n

Prmed Cs

The decay of the acoustic energy could be the result of
medium absorption, with an exponential function at distance R,

dEs(R) = dEy - exp(—R/Ry), &)

dE, = - 2mRdx - t,. (8)

in which dE, is the acoustic energy per unit penetration depth
at R — 0. The value of R, varies with different media,
temperature, and wave frequency. For example, we have
Ry = 31 km for a 2 kHz sound wave in 5°C ocean water, while
Ry = 1.1km for 20kHz (Waite 2002). The propagation of
pressure waves in the solid crust of the Earth or the Moon is
similar to that of seismic body waves. The uniformity of the
crust is less than that of the ocean water, and the compression
wave and the shear wave will transfer to each other at crust-air
or crust-mantle interfaces during propagation, so even though
the crust is solid, Ry will not get much larger. If the seismic
wave attenuation data in Preliminary Reference Earth Model
(Dziewonski & Anderson 1981) is used in the calculation, for a
2 kHz compression wave, Ry = 30 km; for a 2 kHz shear wave,
Ro = 0.19 km. For the purpose of estimation and averaging, we
take the value of Ry = 1 km. The sound wave will travel about
several times R, and then the noise will dominate.

We then do some more detailed calculations, taking into account
the changes of A and k. By equating the pressures of sound wave
and of environmental noise p; = Py, ONE may estimate the
critical detectable distance R.;;. We need the drag equation due to
ram pressure —dEy/dX = osN - ppeqv>/2, the conversion of
kinetic energy into acoustic energy and decay of acoustic energy
dE, = dEg exp(—R/Ry) = (—dE)exp(—R/Ry), the duration
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Figure 3. The critical detectable distance R.; when pnoe = 1erg cm 3,
¢,=1kms™ ! and Pmea=1¢ cm 3. Different values of these quantities have
only a small effect on the results, see Section 4.2 for a detailed equivalent
example. For different A and £, the critical detectable distance is similar, about
25-30 km. The two reference R values are shown by the solid lines.

Equation (7) of the sound pressure, and Equation (8) for
calculating sound energy from integrating the sound pressure.
The pressure of background noise includes human and animal
activity, tiny quakes, and weather. At the Salt Lake, VanDevender
et al. (2017) measured ppoise = 1 erg cm >, about 74 dB (sound
pressure level referenced to 20 pPa). We use this value to represent
the background noise level around the acoustic array. The critical
detectable distance R satisfies,

- A7R 24, tg
exp(— Rerit ) = s c! Tpn01se2~
1 km Pined CsOSNV
A 5/12( R \5/4
= exp(—16.03) - °‘“)
p ) (1030) 1 km

. Phoise 2( 4 )_7/4
lergem™3 ) \ 220 km s™!

' k—5/8( c )9/4 Prmea -2
1 kms™! lgem™>3 )~

(10)

The calculated critical distance is shown in Figure 3. The
parameters we use are ppoise = 1 erg em 2, ¢, = 1kms !, and
pmed = 1 g cm . Different values of these parameters have
only a small effect on the R, see Section 4.2 for a detailed
equivalent example. We roughly have the critical detectable
distance R, to be tens of times R,.

Based on the results above, we could detect a kHz sound
pulse up to 30 km away from the trajectory of the SN using an
acoustic array in the Earth’s crust, the ocean, or on the Moon’s
surface. Since microphones are suitable for sensing air
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vibrations, we need to place several microphones in a small
box, and put the box in the bedrock as an acoustic detector to
pick up the sound waves. In the ocean, we can use
hydrophones based on the piezoelectric effect. If we expect
to detect one such SN per year, then from Equation (2) we
need a detection area of S = (670 km)2 - (A/ 1030). To
reconstruct the SN trajectory, we need to set up a two-
dimensional acoustic array. Considering the critical detectable
distance R.; =~ 30km, we can use a distance of 10km
between adjacent acoustic detectors to record the propagation
process of the sound wave, and use coincidence measurement
on different detectors to increase the credibility. In terms of
depth, different approaches are taken depending on the
medium. In the ocean, the depth of influence of surface waves
caused by most weather, including typhoons, is less than
100 m, so we can place the hydrophones deeper than 100 m.
We may choose a region in the South China Sea to build the
array. On the ground, we can choose an acoustically quiet
location and place the microphone box at a depth of 10-100 m
to reach the bedrock. We could select the unpopulated region
in the Taklamakan Desert or the Qinghai-Tibet Plateau. On the
Moon, we could place the microphone box at a depth of
several meters using the robotic arm of a lunar rover. We can
process the data from the acoustic array in real time to find the
possible SN shock wave signal and then discard the data
without a signal. The data processing algorithm can refer to the
coherent de-dispersion algorithm in radio astronomy. By using
this acoustic method, we can test the hypothesis of SN-like
dark matter.

4. Discussion
4.1. Distinction of SN Signals

An SN is very fast with very little loss of velocity. The
velocity of the SN is typically v = 220km s ', and the
penetration depth, i.e., the length of the trajectory, is
comparable to the radius of the Earth. This allows us to
distinguish the SN signal from other acoustic events such as
weather, creature activity, cosmic dust (very fast little
meteorite from outside the solar system), or a quake.

The sound waves of the weather and the activities of
creatures on the Earth are confined to the vicinity of the site
generated. They do not have the characteristics of moving very
fast along any particular long trajectory. We can eliminate
these signals by reconstructing the propagation path of the
sound wave using data from different acoustic detectors.

The cosmic dust could also be very fast, caused by
supernova acceleration (Siraj & Loeb 2020). But the cross-
section of the cosmic dust is much larger, so the penetration
depth is small. One can calculate that Ey = mdustvz/Z,
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so the penetration depth is far smaller than that of the SN. The
cosmic dust, whose baryon number A = 10*° (~1.7 tons) could
become a meteor burnt in the Earth’s atmosphere. On the
Moon, a cosmic dust signal is more like a point-source shock
wave, not a line-shape-source one. Also, because of the large
cross-section, the sound wave frequency of a cosmic dust is
about 20 Hz, much lower than that of an SN.

As for earthquakes and moonquakes, although they may
have a long specific fault zone to generate the sound wave, the
speed of seismic rupture is roughly equivalent to the speed of
sound in a cracked rock, about (3—7) km s~ ! It is much slower
than the movement of the SN.

4.2. Detection Efficiency of the Acoustic Energy

As the SN passes through and compresses the medium,
some of the kinetic energy deposited is used to generate a
sound wave, and some is used to heat and ionize the medium.
In addition, the sound wave will reflect on the surface of the
microphone box or the hydrophone. We can define a factor 7 to
describe the energy transfer efficiency from kinetic energy lost
by the SN to detected acoustic energy; the energy transfer
relation dE; = —dEj is then changed to dE; = —n - dEy, and
Equation (10) becomes

2
exp (_ Rerit ) _ 47TRCﬁtpnoise Is
1 km npfne 1CsOSNV?

1 A 5/12( R " )5/4
= —exp(—16.03 =
n p )( 1030) 1 km
2 _
. Phoise ( v ) 7/4
lergem™3 ) \ 220 km s~!

_ -2
.k*S/S( Ss ) o/ Pmed
1kms™! lgem™3

(12)

However, the influence of 7 on the critical detectable
distance R is small. Figure 4 shows the critical detectable
distance when 1 = 10°, which is about half of the R, when
n = 1. Mathematically speaking, the change of 7 is equivalent
to the change of pyises V> Cs» OF Prmeds SO the different values of
them will not have a significant impact on the R .

4.3. The Accumulation of SNs in the Earth or the Moon

We can place an upper bound on the accumulation rate and
the total accumulated mass of SNs during the Earth’s 4.6 Gyr
lifetime. From Figure 1, an SN with about A < 10%° could not
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Figure 4. The critical detectable distance R.; when the energy transfer
efficiency 7 from kinetic energy lost by the SN to detected acoustic energy is
107°. It is about 1/3 to 1/2 of Ry when i = 1.

pass through the Earth and may sink to the center of the Earth.
From Equation (2), we can calculate that the accumulation rate
is less than 4.8 x 10® g yr !, and the total accumulated mass is
2.2 x 10" g ~3.7 x 10~ '°M,,. The radius of the “SN core” in
the Earth is 17cm. The gravitational effect is tiny. The
accumulation rate in the Moon is about 1/50 that of the Earth.

4.4. The Acoustic Detection on the Moon

There is no air on the Moon, so loose lunar soil may not
conduct sound well. We can place the microphone box at a
depth of a few meters, using solid lunar rocks to conduct the
sound wave. Additionally, we could also learn from the
placement method of existing seismographs on the Moon.

4.5. Other Uses of the Acoustic Array

The event rate of the SN acoustic signal is very low, but we
can use the acoustic array to detect other signals, such as
meteorites and earthquakes. The acoustic array can detect
acoustic vibrations when a meteorite hits the ground, or fill in
the 1-96 kHz band in seismic monitoring.

There are many observatories that use radar or optical
means to monitor meteors (Campbell-Brown & Jones 2000;
Subasinghe & Campbell-Brown 2018; Betzler 2022, 2023;
Deme et al. 2023; Moorhead et al. 2023). The meteors can also
generate acoustic shock waves in the atmosphere (Silber et al.
2018). The larger of these meteors will leave behind debris that
will fall to the ground and become meteorites. The acoustic
array can be built in the same area and detect meteorites in
conjunction. The total mass of meteors hitting the Earth is
about 2 x 10'%gyr~! (Drolshagen et al. 2017). A meteor
heavier than 800 g may leave a meteorite (Madiedo et al.
2013). Based on the research on meteor mass—luminosity
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relation and the mass distribution of meteors (Hughes 1974;
Kretschmer et al. 2015; Drolshagen et al. 2021), the event rate
of meteorites hitting the Earth is about 10° yr~', 2-3 orders of
magnitude higher than the event rate of SN impact. We can
expect that the acoustic array can detect some signals from
meteorites.

For earthquakes, the existing seismic stations operate in the
frequency band less than or equal to 1kHz (Tian &
Liang 2013; Goldman et al. 2020; Chen et al. 2022; Darzi
et al. 2024). The acoustic array can extend the seismic
detection band up to 96 kHz. The distributed acoustic sensing
(DAS) technology can combine acoustic and seismic detection
(Parker et al. 2014; Ajo-Franklin et al. 2019; Xenaki et al.
2025). It can be used to acquire the Earth’s motion field over a
certain area, which is related to SN impact events and
earthquakes. Some studies have focused on approaches to
placing acoustic sensors so that they can acquire data more
efficiently (Saad et al. 2024; Callahan et al. 2025).

4.6. The Budget Estimation

First we need to clarify the composition of the array. Building
a single 670 km x 670 km microphone array is unattainable, but
we can build a small array that will be used first for technology
validation and preliminary detection. If we build a microphone
array horizontally to 100km x 100km, using a 10km square
grid, we need 100 acoustic observatory sites. On the ground, each
site contains a microphone box with five microphones at a depth
of 10-100 m in the bedrock. In the ocean, each site contains a
hydrophone at a depth of 200m, and a buoy to place the
electronics equipment and antenna. Each site includes a wireless
transmission module that encodes and gives data to the antenna, a
directional antenna that transmits data, and a synchronized clock
accurate to S pus to ensure that the signals from different
microphones are synchronized. We also need a data collection
system for the whole array. The maximum data rate is 192 kHz x
16 bits per pressure sample x 100 x 2 = 614.4 Mbit s ', which
is achievable with 1 Gbps data broadband.

The material cost is discussed next. In order to reduce costs,
we can use civilian 16-bit 192 kHz microphones. These will
pick up enough sound to detect a 74dB SN signal. The
192kHz sampling rate is sufficient to detect an SN with
A >10%, k > 10 at a 30 km distance. One microphone is about
RMB 50, one meter of cable is about RMB 1, one 5 us time
synchronization module is about RMB 100, one wireless
transmission module is about RMB 50, one directional antenna
is about RMB 50, one hydrophone is about RMB 200, and one
buoy is about RMB 50. The data collection system and data
processing computer may cost RMB 100k. Based on the
above description, the material cost of one site is RMB 560 to
RMB 650 on the ground, or RMB 650 in the ocean. So, the
material cost of the array is about RMB 155k to RMB 165 k.
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We then need to include the construction and maintenance
costs. We need to set up 100 sites, each requiring drilling (on
the ground) or submerging (in the ocean), installation and
commissioning. Then we need to build and commission the
data processing center of the array. These costs are much
higher than the cost of materials, which can be higher than
RMB 1 million.

On the Moon, costs will be even higher. Instruments will
need to be protected from cosmic rays, the Moon landing
rocket itself will cost a lot, and the long-range lunar rover is
difficult to design. If we build a lunar base one day, it will be
more feasible to build a lunar acoustic array.

It is fortunate that the High-energy Underwater Neutrino
Telescope (HUNT)® has been proposed, which will use sonar to
localize each underwater neutrino detector. The HUNT will
contain about 2000 vertical detector strings at 150 m horizontal
intervals, and each string will include at least four sonar
localization modules. The array design of HUNT is
6km x 6km x (1-2)km at a depth of greater than 1 km. The
acoustic localization system on the HUNT can also detect the SN
signal with an event rate of about 1yr~'.(A/1026)~!. The
acoustic data from HUNT would certainly constrain the baryon
number A of SNs in the future.

5. Conclusion

Both relativistic cosmic rays and non-relativistic stuff
(either meteorite/cosmic dust of matter condensed by the
electromagnetic force or nuggets condensed by the strong
force, even primordial black holes) will bombard the Earth
frequently, but the method of detection is totally different. For
the former, secondary photoelectric and muon signals could be
obtained after the air shower, and the event reconstruction
could be available with a cosmic ray array. For the latter,
however, only a fireball could be produced around the incident
object, and we propose in this paper to detect this signal with
an acoustic array. We expect that this novel method would
play an essential role in detecting dark matter with particle
masses in the range of ~10'°GeV to ~10* GeV.

In the paper, we consider that the SN is a candidate for dark
matter, with a baryon number A, 10 < A < 10*°. Such a
nugget would have a direct interaction cross-section with
ordinary matter. The SNs pass through the Earth and the Moon
at a non-relativistic velocity, and we proposed an acoustic
method to detect these SNs. The penetration depth of an SN
could be greater than 10 km, even larger than Earth’s radius,
depending on the difference in baryon number and cross-
section. The shock wave generated on the trajectory of the SN
is at kilohertz frequency and has a critical detectable distance
of about 30km. Using the data from a large-area acoustic
array, we can reconstruct the trajectory, velocity, and energy of

6 http:/ /hunt.ihep.ac.cn/
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the SN as it passes through. We need a (670 km)? - A/ 10°%)
detection area to reach an event rate of one per year. The array
can be built on the ground, in the ocean, or even on the Moon’s
surface. This experiment with an acoustic array could be for
the direct detection of dark matter in the macroscopic regime.
The sonar localization system of the HUNT project is
proposed as a pathfinder for SN acoustic detection.
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Appendix
The Cross-section of Different Kinds of SN

We are concerned about the cross-section of an SN
interacting with ordinary matter below. As stated in
Equation (4), the geometric cross-section of an SN is

OSN_geo = 8.0 x 1070 cm?

~2/3
) ( A )2/3 PsN '
1030 10 gcm™3

It is worth noting that an SnN, as an example, could be
spontaneously magnetized (Lai & Xu 2016), and we calculate the
magnetic moment of an SnN then. An SnN interacts with
ordinary matter mainly through its dipole magnetic field, which is
generated by the spontaneous magnetization of electrons. We
assume that the magnetic moments of strangeons (i.e., quarks) are
arranged randomly and cancel each other out, so the contribution
to the total magnetic field can be neglected. In fact, most
strangeons may have 2 (spin) x 3 (color) x 3 (flavor, uds) = 18
quarks and are spin-color-flavor-symmetric, so they may have no
spin and no magnetic moment. Even though about &, ~ 107> of
all strangeons are flavor asymmetric due to the large s quark
mass, the large mass of the strangeon will make its spin magnetic
moment very low. The total magnetic moment produced by
strangeons is much lower than that produced by electrons. An
SnN’s magnetic moment resulting from electric current is
neglected due to an extremely small magnetic Reynolds number,’
so we will consider only the spin magnetic moment of electrons.

7 However, the dynamo action in massive strangeon stars could be effective,
and strangeon magnetars could then form because of the persistent electric
current (Xu 2024).
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As an identical fermion system, the wave function of electrons
must be exchange-anti-symmetrical. For example, one can
consider the two-electron wave function without spin—orbit
coupling, W(ry, ry, 1, §2) = W(ry, r2)x(s1)x(s2), in which r; and r,
are the space coordinates of electrons marked 1 and 2
respectively, s; and s, are the spins of these electrons. If the
total spin is S = Is; + spl = 1, then x(s1)x(s,) is exchange-
symmetrical, so 1(ry, r,) must be exchange-anti-symmetrical. In
this case, ¥(r;, r;) = 0 when r; = r,, the probability that two
electrons are in the same position tends to zero. If the total spin is
S = 0 instead, ¥(r, r») is exchange-symmetrical and need not to
be zero when r; = r,. Because of the Coulomb repulsion between
electrons, the interaction energy in the S = 1 case is then lower
than that in § = 0. As a result, spontaneous magnetization occurs
in the electron system inside the SnN, reversing the spins of many
electrons, giving a large total spin S and leading to a large
magnetic moment L.

Let us have an order-of-magnitude calculation of the
magnetic field of an SnN. Before the spontaneous magnetiza-
tion, all electrons fill the Fermi sea with two spins in the
momentum space, and the electrons with spin-up (1) and those
with spin-down (]) have the same Fermi momentum,

3ne 1/3 »
PE = ( 4';) 27h. For 8 = 107>, n, = 8epsun/mp, Where

m, = 938 MeV c 2 pr = 10MeV ' > mec. After
spontaneous magnetization, the Fermi-surfaces of T-electrons
and |-electrons are separated, with the Fermi momenta of two
spins as pg + Ap. This mismatch of the Fermi-surfaces is the
result of the Coulomb interaction, so that the electromagnetic
energy decreases but the kinetic energy increases, which can

be expressed as, respectively,

2 1/3
AEgy = 6127 withd, = (i)  2mh (A1)
2d. 47 Pr
- 2Ap.
AE = —P2E22PC o Ape, (A2)

Jmee? + p?

where ¢ is the correction factor for using the average distance
between electrons d. to calculate the decrease in electro-
magnetic energy of electrons with parallel spin. Since the
electrostatic potential is proportional to ez/de, the Coulomb
energy increases significantly when the distance between the
electrons d < d., so we generally have £ > 1. The competition
between the Coulomb interaction and the kinematic excitation
would cause the system to reach an equilibrium, AE,,, = AE,,
and one can then have,

1/3
A _ 5(4_”) em _ 0.064 Ectem, (A3)
Pk 3 8T

where oy = ez/(hc) ~ 1/137. As Ap < p, there is only a
small fraction of electrons whose spins are parallel when the
Coulomb interaction is included for an electron gas. Therefore,
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the total magnetic moment reads,

Anp? - 2Ap
por —L———  Neptg = 0.38 £aemGeApt,
4mpg /3

(A4)
where ug = efi/(2m,) is the Bohr magneton and N, is the total
number of electrons in an SnN. The magnetic field on the
magnetic equator of the SnN is thus,

b PsN
104 gem™3’

§p 1
Byp==->=84x10"G-
TR 10

(AS)
which is close to the typical magnetic fields on pulsars’
surfaces.®

When an SN impacts ordinary matter, such as soil, water or
rock, it makes a deposition of its kinetic energy into the
surrounding medium. The way an SN loses energy is by
compressing the medium and transferring momentum to the
molecules of the medium. Some of the energy is converted to
heat, creating an ionized environment, and some of the energy
creates the shock wave as an acoustic signal. In the
aerodynamic heating picture, the temperature rises,
AT = v2/2cp, where ¢, is the specific isobaric heat capacity.
For solid SiOy, ¢, = 7.0 x 10°erg (g K)~'. Then, substitute
v = 220km s~ ', we have AT = 7.0 x 10’ K, which is high
enough to ionize the atoms, causing the medium surrounding
the impact trajectory to become plasma. It is worth mentioning
that SNs will not absorb ordinary matter into themselves. First,
the “nuclear charge number” of an SN is Z = §.A ~ 10°°-10%.
Even when considering the nuclear charge shielding caused by
the Thomas-Fermi distribution of electrons, the Coulomb
potential energy barrier is too high for non-relativistic ordinary
atomic nuclei to overcome because the geometric radius rq of
the SN is far greater than the electron Compton wavelength
Ac. Second, for nuggets with strangeness, ordinary matter must
be transformed into strange matter via weak interactions before
it can be absorbed. The probability of such a transformation
occurring in a single collision is extremely low.

In the case of an SnN, the picture of the interaction is similar
to that of the Earth’s magnetosphere in the solar wind. The
medium plasma moves fast relative to the SnN, then, due to the
strong magnetic field of the SnN, a magnetosphere forms. The
radius of the magnetopause is derived by the balance between
magnetic pressure and plasma ram pressure. VanDevender
et al. (2017) have already calculated this similar magnetopause
radius. If the interaction of the plasma with the magnetosphere
is a completely inelastic collision, the balance gives
PmedV?/2 = B(rm)?/(87). Notice that for a far dipole magnetic

® This mechanism of spontaneous magnetization is different from that of
conventional ferromagnetism. The ideal fermion gas approximation is perfect
for the former, extremely relativistic electrons, but not for the latter, non-
relativistic electrons in metals. Complex interactions matter in metals.
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field, B(r) = Boro3 /r3, one can derive
2.6 \/0
= Byry
4'7.('pmedv2
A 6 N3 »p —1/6
=0.035cm c med
(1030510*5) lgem™3
~1/3
v
| . A6
(220 km sfl) (A6)
It implies that r, > 1y, and r1r,/rg=22-

1 1 1
(l?fs 1014/:zm,3)3(1;‘2:,3)6(220;" s’l) * is independent of the
baryon number A, i.e., the size of SnN. Thanks to the large r,,,
acoustic detection of the SN is more feasible.
The cross-section of the magnetosphere of the SnN reads,

Om = Ty

A 8 V23
38 %1073 ( _e)
m 1030510—5

~1/3 _
. Prmed / ( 4 ) 23
lgem™3 220 km s~! '

which could be regarded as the maximum effective cross-
section of the SnN in the ordinary matter medium. Refer to
Equation (5)

(AT)

A 2/3
OSN — k- (loﬁ) - 8.0 x 1076 sz,

Equation (A7) is equivalent to that k = 4.8 x 10 for SnNs.
Considering that parameters 6. and p,.q may vary, and the
magnetosphere may not completely block particles from
passing through, k = 10'-107.

As with the SnN, the charge-mass ratio of a strange quark
nugget is also . = 107 °-107°. Its electrons can also
magnetize spontaneously, so k = 10'=10% for a strange quark
nugget. The acoustic signals of SnNs and strange quark
nuggets are indistinguishable. However, in the case of the ud-
quark nugget, flavor asymmetry leads to a higher charge-mass
ratio. Using the MIT bag model, we can calculate that é, can
be up to 1072 for the ud-quark matter, which will result in a
greater dipole magnetic field and a larger radius of the
magnetosphere. So, k =~ 10* for the ud-quark nugget. For the
axion-quark nuggets, since the flavor of quarks they contain is
unknown and the effects of axions are unknown, their cross-
sections are uncertain. We take k = 107'=10°, from the
incomplete momentum transfer via the geometric cross-section
case to the largest magnetosphere case.
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