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Abstract

The existence of dark matter is supported by multiple astrophysical observations, yet its
particle nature remains unknown. The development of gravitational wave astronomy,
especially with future space-based detectors such as LISA, provides new opportunities
to study the interactions between dark matter and compact-object systems. This review
summarizes the main dark matter candidates and their macroscopic distributions, and
highlights three mechanisms through which dark matter can affect gravitational wave
observations: (1) modifications to compact-object orbits and the dynamics of systems such
as extreme mass-ratio inspirals, including dark matter spikes, dynamical friction, and
potential perturbations; (2) gravitational lensing effects induced by the spatial distribution
of dark matter, altering waveform amplitudes and phases; and (3) direct couplings between
ultralight dark matter fields and detectors. As low-frequency gravitational wave detection
techniques are proposed and continue to develop, these effects may offer a novel avenue
for probing the properties of dark matter, and combining precise waveform modeling with
multi-messenger observations could reveal insights into its microscopic structure.

Keywords: dark matter; gravitational waves; spaced-based interferometers

1. Introduction

Dark matter (DM) represents one of the major unresolved issues in contemporary
physics and astronomy. The concept was first proposed by the astronomer Fritz Zwicky in
1933, who, through observations of galaxy cluster dynamics, found that the gravitational
effects of these clusters could not be explained by visible matter alone, leading him to
hypothesize the existence of an unseen form of matter, later termed DM [1,2]. In 1970,
studies of galactic rotation curves by Vera Rubin and Kent Ford revealed that the rotational
velocities of stars in the outskirts of galaxies were significantly higher than expected, further
indicating the presence of a substantial amount of invisible matter in the universe [3,4].
Although DM has not yet been directly detected, its existence is widely accepted and
constitutes a critical component of cosmology [5]. DM plays a pivotal role in the evolution
of the universe, the formation of galaxies, and the construction of large-scale structures [5,6].
Its study not only advances astrophysics but also provides modern physics with new
insights into particle physics, gravity, and quantum mechanics [2].

Universe 2026, 12, 48 https://doi.org/10.3390/universe12020048

https://crossmark.crossref.org/dialog?doi=10.3390/universe12020048&domain=pdf&date_stamp=2026-02-11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0009-0007-4296-9150
https://orcid.org/0000-0002-3784-8684
https://orcid.org/0000-0002-9003-1980
https://doi.org/10.3390/universe12020048


Universe 2026, 12, 48 2 of 29

Theoretical studies suggest that DM may consist of a variety of candidates, each with
distinct production mechanisms in the early universe and potentially leaving detectable
signals in experiments [7,8]. Among these candidates, Weakly Interacting Massive Particles
(WIMPs) have received particular attention [9]. WIMPs are hypothetical fundamental parti-
cles that interact with the Standard Model (SM) only via weak interactions and commonly
arise in several Standard Model extensions (SMEs) [10,11]. These extensions can not only
address the electroweak hierarchy problem but also naturally produce a relic abundance of
DM consistent with observations via the thermal freeze-out mechanism [12]. If DM consists
of WIMPs, they might be indirectly or directly detectable through scattering with ordinary
matter, production in high-energy colliders, or annihilation in galaxies and more distant
regions [13,14]. Besides WIMPs, other potential candidates include axions [15], primordial
black holes [16], and supermassive non-thermal relic particles [17], each corresponding to
distinct theoretical frameworks and experimental signatures. Despite ongoing efforts in
modeling and observations, the true nature of DM remains elusive [18]. Recently, gravi-
tational wave (GW) has emerged as a novel observational tool, offering the potential to
provide new insights into the nature of DM [19].

The discovery of GWs has opened a new window for understanding the universe [20].
They allow for direct detection of compact objects, black hole mergers, supernova explo-
sions, and other extreme physical processes [21,22], while also providing new avenues to
investigate fundamental scientific questions, including the origin of the universe, DM, and
dark energy [23]. Fundamentally, GWs are perturbations of spacetime produced by the
asymmetric acceleration of massive objects [24]. According to Einstein’s field equations,
when the quadrupole moment of a mass distribution changes asymmetrically, the system
radiates energy in the form of GWs [25]. Typical sources of GWs include the inspiral and
merger of binary neutron stars, binary black holes, and black hole–neutron star systems,
non-axisymmetric collapse of massive stars, and quantum fluctuations in the early uni-
verse [26–29]. GWs exhibit a series of unique physical properties: they are transverse
waves, with oscillations perpendicular to their propagation direction, manifesting as peri-
odic stretching and compression of spacetime along their path; they propagate at the speed
of light, reflecting their nature as spacetime perturbations [30]. Moreover, GWs possess
strong penetration ability, being largely unaffected by matter absorption or scattering, and
can directly carry pristine information about extreme cosmic events, traversing dense dust
clouds and interstellar media [31]. Consequently, GWs have become a crucial tool for
probing deep astrophysical processes [32]. Analysis of GW waveforms and spectra allows
for inference of physical properties of astrophysical systems, including mass, spin, and
orbital evolution [33], while also enabling investigations into DM, dark energy, and testing
general relativity in the strong-field regime [34,35]. The rise of GW astronomy thus marks
humanity’s entrance into an era of observational science based on “spacetime vibrations”.

In 2015, the LIGO Scientific Collaboration made the first direct detection of GWs from
a binary black hole merger (GW150914) [20,36], confirming the existence of GWs and inau-
gurating a new era of “GW astronomy.” Subsequently, ground-based interferometers such
as LIGO, Virgo, and KAGRA have reported multiple detections, confirming GW events
from various compact object systems, including binary neutron stars and binary black
holes [26,27,37]. These observational achievements have significantly advanced our under-
standing of strong-field gravity, the formation and evolution of compact objects, and the
origin of cosmic structures [21,22]. However, ground-based detectors are limited by seismic
noise and terrestrial disturbances, with sensitivity primarily covering the high-frequency
band from 10 Hz to 1 kHz, making them incapable of detecting lower-frequency GWs
(mHz and below) [38,39]. These low-frequency waves often originate from more massive
and distant systems, such as supermassive black hole mergers, white dwarf binaries, or
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early-universe processes like phase transitions or cosmic string networks [40–42]. To extend
the observational frequency range and access richer cosmological information, attention has
turned to space-based GW detection. Space-based laser interferometers deploy multiple
satellites over millions of kilometers to construct a stable interferometric system capable of
high-precision measurements of low-frequency GWs [42,43]. Representative projects in-
clude the European-led LISA (Laser Interferometer Space Antenna), China’s Taiji Program,
and the Tianqin Project [42–44]. These space-based interferometers operate in the frequency
range of 0.1 mHz–1 Hz, filling the observational gap between ground-based detectors
and pulsar timing arrays, and providing key observational tools to study supermassive
black hole mergers, extreme mass-ratio inspirals (EMRIs), early-universe phase transition
backgrounds, and DM-induced gravitational effects [45,46].

GWs can be influenced by the distribution of matter and energy in the universe [47]. As
the dominant component of cosmic matter, DM may significantly affect GW signals [19,48].
Theoretically, DM can influence both the generation and propagation of GWs through
multiple mechanisms [49]. On the one hand, the gravitational potential of DM can alter the
propagation path and phase of GWs, leaving observable imprints on the waveform [50].
On the other hand, DM can serve as an environmental background affecting the dynamical
evolution of compact object systems [46,48]. For example, in EMRIs, DM halos can signifi-
cantly modify orbital decay via dynamical friction [51]. Additionally, if DM is composed of
scalar fields, its oscillatory behavior may induce characteristic perturbations in the phase
and amplitude of GWs [15,52]; in certain models, DM could even couple to GW detectors
via scalar or tensor fields, leaving potentially detectable signals in future space-based
observations [53,54]. Overall, GWs provide a novel observational avenue for probing DM,
while DM, in turn, may leave measurable signatures on GW signals [49,51].

This paper aims to provide a systematic review of the main effects of DM on space-
based interferometers’ GW detection and related research progress. In Section 2, we briefly
introduce the basic properties and common models of DM. In Section 3, we review the
main effects of DM on GWs; in Section 3.1, we discuss the influence of DM on GW sources,
including EMRIs and supermassive black hole binary systems, in Section 3.2, we analyze
modifications of GW propagation due to DM, and in Section 3.3, we review the potential
impact of DM on GW detectors. In Section 4, we discuss multi-messenger strategies.
Finally, in Section 5, we provide a perspective on the prospects of using space-based GW
observations to constrain DM properties and advance cosmological studies. We hope this
work provides a comprehensive view of the interplay between DM and GW detection.

2. Dark Matter Candidates and Probing

After decades of research, a diverse and extensive range of theoretical candidates
for DM has emerged, spanning possibilities from fundamental particles to astrophysical-
scale objects. Different models exhibit distinct characteristics in terms of mass range,
interaction mechanisms, and cosmological origins, and their corresponding experimental
signatures vary significantly. To systematically discuss the main research directions, this
paper focuses on three representative candidate classes: WIMPs, ultralight DM (including
axions, scalar field DM, vector DM, and dark photons), macroscopic DM halo models,
and self-interacting DM (SIDM). In the last section, we reviewed the current methods for
detecting DM, including the use of space-based GW interferometers as the focus of this
article for detection.

2.1. Weakly Interacting Massive Particles

WIMPs are hypothetical DM particles and currently represent one of the most ex-
tensively studied classes of DM candidates [9]. They fall within the paradigm of “cold
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DM” due to their low velocities and typical masses in the GeV–TeV range, giving them
non-relativistic characteristics. The defining feature of WIMPs is their coupling to SM
particles via weak interactions—that is, they interact with ordinary matter only through
the weak force (or interactions of comparable strength) and gravity [7]. This interaction
property allows WIMPs to be thermally produced in the early universe via interactions with
SM particles and also makes them potentially detectable in laboratory experiments [11].

From a theoretical perspective, the WIMP paradigm has two notable advantages. First,
WIMPs can be generated through the thermal freeze-out mechanism in the early universe
in a natural and simple manner, yielding a relic abundance consistent with current DM
observations [12]. This typically occurs for particle masses near the weak scale, i.e., around
the masses of W± and Z0 bosons. Second, many theories that address the electroweak
hierarchy problem through SMEs, such as supersymmetry (SUSY), naturally predict stable
or long-lived particles at the weak scale, which can serve as WIMP candidates [9]. These
two reasons led to the so-called “WIMP miracle.”

During the thermal freeze-out process, WIMPs frequently interact with SM particles
in the early universe through production, scattering, and annihilation, maintaining thermal
equilibrium [12]. As the universe expands and cools, these interaction rates gradually
decrease, and when they drop below the Hubble expansion rate, the WIMP number density
effectively “freezes out,” resulting in the relic DM abundance observed today. Consequently,
the parameter space of WIMPs (mass, scattering cross section, annihilation cross section)
has become a major focus of both theoretical and experimental studies [7].

In many SMEs, WIMP DM candidates are introduced to protect the weak scale from
quantum corrections [9]. The most typical example is in SUSY, where, under R-parity
conservation, the lightest supersymmetric particle (LSP) is stable; if this particle is elec-
trically neutral and lacks strong interactions, it becomes a WIMP candidate [55]. In the
Minimal Supersymmetric Standard Model (MSSM), WIMP candidates are typically linear
combinations of the supersymmetric partners of the neutral Higgs bosons, Z0, and pho-
ton (collectively termed “neutralinos”) [56]. Neutralinos as WIMP candidates have been
extensively studied and remain promising [9].

The “SM-connectable” nature of WIMPs provides multiple avenues for experimental
searches. First, in direct detection experiments, WIMPs may scatter off atomic nuclei or
electrons, producing measurable nuclear or electron recoils [57]. Second, in regions with
high DM density in the Milky Way or external galaxies, WIMPs may annihilate or decay into
SM particles such as γ-rays, neutrinos, or cosmic rays, enabling indirect detection [7]. Third,
at high-energy colliders (e.g., the Large Hadron Collider, LHC), WIMP production may
manifest as missing energy signatures [58]. Figure 5 from [59] shows the 90% confidence
level upper limits on the spin-independent WIMP-nucleon cross section σSI as a function
of WIMP mass.

Recent advances in WIMP searches include the LUX-ZEPLIN (LZ) experiment, which
achieved world-leading sensitivity using a multi-ton liquid xenon detector [59]. No conclu-
sive WIMP signals have been observed so far, but the upper limits on the WIMP-nucleon
scattering cross section have been further tightened [60]. A recent review notes: “Although
the WIMP paradigm remains one of the most motivated DM frameworks, comprehen-
sive searches using direct, indirect, and collider experiments have yet to yield definitive
detection” [58]. This indicates that, while the WIMP model is still under active inves-
tigation, the community is also considering its potential decline or the need to explore
broader DM paradigms. Studies have highlighted that “WIMP searches have entered the
‘neutrino floor’ era, where experimental sensitivity approaches the limits set by neutrino
backgrounds” [61].
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2.2. Ultralight Dark Matter

Ultralight DM (ULDM) refers to DM candidates with extremely low masses, typically
in the range of 10−24 eV to 10−18 eV [62]. Unlike WIMP models with GeV–TeV mass scales,
ULDM is generally realized as a bosonic field with an enormous occupation number, whose
de Broglie wavelength can reach galactic or even larger macroscopic scales [15]. In the early
universe, such bosonic fields can be generated via the vacuum misalignment mechanism:
the field initially deviates from the minimum of its potential during inflation or reheating
and is nearly homogeneous over cosmological scales due to inflation [63,64]. As the
universe expands and cools, when the Hubble parameter H(t) drops to a scale comparable
to the field mass m, the field begins coherent oscillations around the potential minimum.
The energy density of the oscillating field evolves approximately as ρ ∼ a−3, behaving
like cold DM and thus serving as a viable DM candidate [65]. Unlike thermal production
mechanisms, ULDM is typically non-thermal and does not rely on thermal equilibrium
with SM particles. This allows ULDM to more easily satisfy large-scale structure formation
and other cosmological constraints. On galactic and sub-galactic scales, the wave-like
properties of ULDM (such as quantum pressure and interference effects) can uniquely
influence DM clustering, leading, for example, to solitonic cores at galactic centers and
suppression of small-scale subhalo formation [66].

2.2.1. Axions

The most widely studied realization of ultralight bosonic DM is the quantum chro-
modynamics (QCD) axion [67]. This novel scalar particle was originally proposed to solve
the strong CP problem in QCD, a major naturalness issue in the SM [68,69]. In the SM
Lagrangian, symmetry considerations allow the presence of a Θ-term:

L ⊂ −Θ
αs

8π
GµνG̃µν, (1)

where Θ is a dimensionless parameter, αs is the strong coupling constant, Gµν is the gluon
field strength tensor, and G̃µν is its dual. This term violates parity (P) and time-reversal (T)
discrete symmetries, contributing proportionally to the neutron electric dipole moment [70].
Consistency with experimental bounds requires |Θ| ≤ 10−10 [71]. Since the natural range
is Θ ∈ [−π, π), the strong CP problem asks why the effective Θ is so small.

To address this, Peccei and Quinn proposed a new global U(1) symmetry (PQ sym-
metry) [72], which is anomalous under strong interactions and spontaneously broken at a
high energy scale. At energies below the symmetry-breaking scale fa, the theory predicts
a small pseudo-Nambu–Goldstone field, the axion [73,74]. The axion couples to gluons
similarly to Equation (1), with Θ → θ(x) = a(x)/ fa. This coupling induces a potential for
the axion field via QCD effects, minimizing θ(x) at zero and thereby solving the strong CP
problem [75]. The axion potential also gives rise to the axion mass [76]:

ma ≃ 6.0 × 10−6 eV
(

1012 GeV
fa

)

. (2)

Axions can form DM through the ultralight boson mechanism described above [63].
Notably, this mechanism is closely tied to the solution of the strong CP problem. Before
the QCD phase transition in the early universe, the axion potential is nearly flat, allowing
the field value θ = a/ fa ∈ [−π, π) to take any value. During the QCD transition at
T ∼ 150 MeV, a non-trivial potential develops, and the field is displaced from the new
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minimum, inducing vacuum misalignment [77]. The resulting axion field oscillations act as
DM, with relic density [78]

Ωah2 = 0.12
(

fa

9 × 1011 GeV

)1.165
[

θ̄2
i + (δθi)

2
]

F, (3)

where θ̄i = a(ti)/ fa is the average initial misalignment angle over the Hubble volume,
δθi is the RMS fluctuation, and F accounts for anharmonic corrections, typically O(1) for
fa ≤ MPl/10, with MPl the Planck mass.

The breaking of PQ U(1) symmetry can interplay with cosmic inflation [79]. If the
PQ symmetry breaks after inflation, the observable universe comprises many causally
disconnected patches, each with independent initial field values θi. The axion relic density
is then proportional to the mean-square of these angles, corresponding to the fluctuation
term in Equation (3), with (δθi)

2 ∼ 1. Topological defects such as domain walls and cosmic
strings can also form, providing additional axion sources and other effects [80].

If PQ symmetry breaks before inflation, a single θi = θ̄i ≫ |δθi| region can encompass
the observable universe [81]. This allows for correct relic density with smaller θi and corre-
spondingly larger fa. However, axion DM models in which the Peccei–Quinn symmetry is
broken before inflation are subject to stringent constraints from primordial isocurvature per-
turbations. During inflation, quantum fluctuations of the axion field generate fluctuations
in the initial misalignment angle, with variance

δθi ≃
Hinf

2π fa
, (4)

where Hinf is the Hubble parameter during inflation. These fluctuations lead to cold DM
isocurvature perturbations, whose power spectrum can be expressed as

Piso ≃

(

∂ ln ρa

∂θi

)2( Hinf

2π fa

)2

≃

(

Hinf

π fa θ̄i

)2

, (5)

where ρa denotes the axion energy density and vacuum misalignment is assumed to domi-
nate the relic abundance. The resulting isocurvature contribution to the total primordial
perturbations is tightly constrained by observations of the cosmic microwave background.
In particular, Planck measurements impose an upper bound on the isocurvature fraction
βiso ≡ Piso/(Pad + Piso) at the percent level [82]. These bounds translate into an upper
limit on the inflationary energy scale Hinf as a function of the axion decay constant fa

and the initial misalignment angle θ̄i, significantly restricting pre-inflationary axion DM
models, especially for large fa. By contrast, in post-inflationary scenarios, the axion field
takes random values in different causally disconnected regions, and the resulting isocurva-
ture perturbations are effectively averaged out, rendering CMB isocurvature constraints
much less severe, although uncertainties associated with topological defect contributions re-
main [83]. Assuming vacuum misalignment dominates the axion DM relic density, the QCD
axion mass is typically expected to lie in the range ma = 10−12 eV–10−4 eV, corresponding
to fa ∼ 1012 GeV − MPl [84]. Recent reanalyses of precision laboratory experiments have
led to new constraints on ultralight axion-like DM; in particular, significantly strength-
ened laboratory limits on axion couplings in the 10−24–10−21 eV mass window, partially
surpassing existing astrophysical bounds [85].

Beyond QCD axions, there exists a broader class of axion-like particles (ALPs),
which also arise from spontaneous breaking of continuous symmetries and are pseudo-
Nambu–Goldstone bosons, but with masses and couplings unconstrained by QCD [86].
ALPs appear naturally in various high-energy theories, such as string compactifications
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with moduli fields [87]. Like QCD axions, ALPs can achieve relic abundance through the
misalignment mechanism, behaving as cold DM on cosmological scales [15]. With masses
spanning 10−22 eV to eV or higher, ALPs exhibit diverse physical effects: ultralight ALPs
induce wave-like phenomena and central density flattening at galactic scales, while heavier
ALPs behave more like conventional particle DM [54].

2.2.2. Scalar Field Dark Matter

Scalar field DM (SFDM) consists of spin-0 bosons with typical masses in the range
10−22eV–10−10 eV [54]. Axions are formally a subset of SFDM but are treated separately
due to their unique theoretical origin and importance [15]. Due to their extremely low mass,
the de Broglie wavelength

λdB =
h

mφv
, (6)

with h the Planck constant and v the particle velocity can extend to galactic or even cluster
scales, leading to significant quantum coherence and wave phenomena at astrophysical
scales [62]. These properties impart SFDM with behavior distinct from classical cold DM
(CDM) in galaxy formation and dynamics.

SFDM typically arises from vacuum misalignment or phase transitions in the early
universe [65]. After inflation or reheating, the scalar field may be displaced from the
minimum of its potential V(φ), evolving as quasi-harmonic oscillations during cosmic
expansion. When H ∼ mφ (i.e., 3H ∼ mφ), the field begins oscillating about the minimum,
with mean energy density scaling as ρφ ∝ a−3, behaving as non-relativistic matter. Quantum
pressure suppresses small-scale density peaks, alleviating the “core–cusp” problem of
classical CDM [66].

In the non-relativistic limit, SFDM can be expressed via the Madelung representation [88]:

φ(~x, t) =
1

√

2mφ

[

Ψ(~x, t)e−imφt + Ψ
∗(~x, t)eimφt

]

, (7)

with evolution governed by the Schrödinger–Poisson system:

ih̄
∂Ψ

∂t
=

h̄2

2mφ
∇2

Ψ + mφΦΨ, ∇2
Φ = 4πG|Ψ|2. (8)

This system demonstrates the quantum fluid nature of SFDM, with quantum pressure
preventing over-collapse at halo centers, producing flat cores consistent with observed
rotation curves [54]. In gravitationally bound systems, SFDM can also form quasi-stable
Bose–Einstein condensates (BECs) or boson stars, reinforcing its relevance in astrophysical
modeling [89].

The mass of SFDM determines its cosmological effects. For mφ ∼ 10−22 eV, wave effects
are maximized, forming fuzzy DM (FDM) with interference patterns and quasi-periodic
density distributions at galactic scales [66]. For mφ ≥ 10−18 eV, wave effects diminish
and dynamics approach classical CDM behavior. Different mass ranges therefore yield
distinguishable consequences for structure formation, galactic dynamics, and observational
signatures [15].

SFDM wave-like features may also produce observable effects through various mecha-
nisms. In strong gravity environments, superradiant clouds can form around black holes
or neutron stars, modifying spin distributions and GW emissions [90]. At galactic scales,
quantum interference may leave signals in lensing or luminosity distributions [66]. At
cosmological scales, SFDM evolution can imprint signatures on the cosmic microwave
background (CMB) temperature and polarization power spectra [91].
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2.2.3. Vector Field Dark Matter

Vector field DM (VFDM) is a hypothetical candidate composed of spin-1 bosons, in con-
trast to the spin-0 nature of scalar DM [92]. VFDM may arise from gauge fields or massless
particles (e.g., photons), acquiring mass through symmetry-breaking mechanisms (Higgs
or Stueckelberg) and coupling to gravity, providing a potential pathway to understanding
DM [93].

VFDM is inherently directional due to the vector field structure Aµ, with dynamics
described by classical or quantized Yang–Mills fields coupled to gravity. The Lagrangian is
typically [92]

L = −
1
4

FµνFµν +
1
2

m2 Aµ Aµ, (9)

where Fµν = ∂µ Aν − ∂ν Aµ and m is the vector particle mass. The energy density evolves
like cold DM as the universe expands.

At cosmological scales, the coherence length of VFDM is inversely related to mass.
Ultralight masses can yield de Broglie wavelengths comparable to galactic scales, producing
wave-like phenomena similar to FDM [92]. The directional nature may induce anisotropic
gravitational effects, affecting halo shapes and galactic dynamics [15]. Coupling to other
fields, such as the electromagnetic or scalar fields, can generate observable signals including
low-frequency GW backgrounds, CMB polarization distortions, or dark radiation [93].
Around compact objects, VFDM may influence black hole or neutron star spin evolution,
accretion disk dynamics, and GW emission [90].

Dark photons (also denoted A′ or U(1)D photons) are a class of light vector bosons
associated with an additional U(1) gauge symmetry in DM models [94]. Analogous to
SM photons, dark photons can kinetically mix with the electromagnetic field, producing
potentially observable signals in laboratory or astrophysical settings [95]. Dark photons
may constitute DM themselves or mediate interactions in more complex DM models.
In the ultralight regime, dark photons can form coherent fields on cosmological scales,
generating quasi-stable wave-like structures [92]; under high-energy astrophysical or
laboratory conditions, they may be indirectly detected via decay, resonant absorption, or
missing energy signatures [94].

2.3. Dark Matter Halos—NFW, Burkert, and Hernquist Models

DM halo models are fundamental theoretical tools for describing the spatial dis-
tribution of DM in galaxies and galaxy clusters [96]. Different models correspond to
distinct galactic structural characteristics and formation mechanisms. Among them, the
Navarro–Frenk–White (NFW) model, Burkert model, and Hernquist model are the most
commonly used empirical density profiles, providing a theoretical basis for understanding
DM clustering across different scales [97–99].

The NFW model originates from cold DM cosmological numerical simulations and is
the most widely adopted empirical profile for galactic and cluster-scale DM halos [97]. Its
density distribution is given by

ρ(r) =
ρ0

r
rs

(

1 + r
rs

)2 , (10)

where r is the distance from the halo center, rs is a scale radius marking the transition region
of the density profile, and ρ0 is the central density. In the small-radius limit, ρ(r) ∝ r−1,
while at large radii, ρ(r) ∝ r−3. This “double power-law” structure reveals the cuspy nature
of DM in the central regions and the rapid decline in the outskirts [97]. The NFW profile
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has been extensively validated through numerical simulations and gravitational lensing
analyses of galaxy clusters [96].

The Burkert model is an empirical “cored” density profile, mainly used to describe
DM distributions in low surface brightness and dwarf galaxies [98]. Its density function is

ρ(r) =
ρ0

(

1 + r
rs

)(

1 + r2

r2
s

) , (11)

which approaches a constant-density core as r → 0, while decaying as ρ(r) ∝ r−3 for r ≫ rs.
The Burkert profile successfully accounts for the flat-core structures observed in the rotation
curves of dwarf galaxies, in contrast to the cuspy distribution predicted by the NFW model,
and is often considered a phenomenological correction or supplement to CDM simulation
results [98].

The Hernquist model was originally proposed to describe the luminosity and mass
distributions of elliptical galaxies [99], with a density profile of

ρ(r) =
ρ0

(

r
rs

)(

1 + r
rs

)3 , (12)

where the central density scales as r−1, while at large radii it decreases more steeply as
ρ(r) ∝ r−4. Compared with the NFW profile, the Hernquist distribution has a sharper
outer decline, making it suitable for describing highly concentrated elliptical galaxies or
spheroidal halo structures [99].

Overall, the NFW model is most appropriate for cold DM halos of massive galaxies
and clusters; the Burkert model performs better for low-mass, low-luminosity galaxies,
capturing the flat core density; and the Hernquist model excels in describing concentrated
mass distributions in elliptical and spheroidal systems. Together, these three profiles com-
plement each other across different mass scales, forming the main theoretical framework
for current studies of DM halo structures [96].

2.4. Self-Interacting Dark Matter

SIDM constitutes an important extension of the standard CDM paradigm. Its basic
assumption is that, in addition to gravitational interactions, DM particles experience
non-gravitational self-interactions [6]. These interactions are typically modeled as elastic
scattering processes between DM particles, and their strength is commonly characterized
by the scattering cross section per unit mass, σ/mχ, where σ denotes the DM–DM scattering
cross section and mχ is the DM particle mass. Phenomenologically, values in the range

σ

mχ
∼ 0.1–10 cm2 g−1, (13)

are known to produce significant effects on galactic scales, while remaining consistent with
constraints from large-scale structure formation and CMB observations.

It is important to emphasize that SIDM does not correspond to a specific particle DM
candidate. Rather, it represents an effective framework that parameterizes the microscopic
properties of DM. As discussed in the previous subsection, in the conventional CDM
model DM is treated as collisionless, leading numerical simulations to predict halos with
steep central density cusps. However, kinematic observations of dwarf galaxies and low
surface brightness galaxies often favor nearly constant-density cores. By introducing self-
interactions, SIDM allows DM particles to undergo multiple scatterings within galactic
halos, resulting in a redistribution of energy and momentum that naturally produces cored
density profiles.
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At the macroscopic level, the dynamical evolution of SIDM can be described by a
Vlasov–Poisson equation supplemented by a collision term,

∂ f

∂t
+ v · ∇x f −∇xΦ · ∇v f = C[ f ], (14)

where f (x, v, t) denotes the phase-space distribution function of DM, Φ is the gravitational
potential, and C[ f ] represents the collision term induced by DM self-interactions. When the
scattering rate is sufficiently low, the collision term only becomes important within galactic
halos, while remaining negligible on larger cosmological scales, thereby preserving the
success of CDM in describing large-scale structure.

Many contemporary SIDM models further generalize this framework by introducing
velocity-dependent self-interactions, σ = σ(v), where v is the typical relative velocity of
DM particles in a halo [100,101]. Such models naturally yield strong self-interactions on
dwarf-galaxy scales, where velocities are low, while significantly suppressing interactions
on galaxy-cluster scales, thus simultaneously satisfying small-scale structure observations
and upper limits from systems such as the Bullet Cluster.

From an observational perspective, SIDM models are constrained by a combination
of astrophysical and cosmological probes. Colliding galaxy clusters typically impose an
upper bound of

σ

mχ
. O(1) cm2 g−1, (15)

while galaxy rotation curves, density profiles of dwarf galaxies, and the ellipticity of galaxy
clusters provide complementary constraints on the SIDM parameter space [102]. Overall,
SIDM offers a theoretically well-motivated and observationally viable framework that
preserves the successes of CDM on large scales while providing a natural explanation for
DM distribution features on galactic scales.

Mirror matter. Beyond the phenomenological framework of SIDM, mirror matter
represents a theoretically well-motivated class of dark-sector models in which the DM
consists of a mirror copy of the SM related to the visible sector by a discrete parity sym-
metry [103,104]. Interactions between ordinary and mirror particles are predominantly
gravitational, while possible non-gravitational portals are tightly constrained [105,106].
Within the mirror sector, mirror electromagnetic and nuclear interactions lead naturally
to non-negligible self-interactions and, in some realizations, dissipative dynamics. As
a result, mirror matter can exhibit rich astrophysical behavior, potentially affecting the
formation and internal structure of DM halos and compact-object environments [107]. In
this sense, mirror matter can be viewed as a concrete microscopic realization underlying a
broader class of self-interacting or dissipative DM scenarios, while remaining consistent
with current cosmological and astrophysical constraints.

Besides the DM candidates mainly discussed in this review, a wide range of alternative
models have been proposed in which the dark sector possesses a richer internal structure
and a non-standard cosmological evolution. For example, cosmological hydrodynamical
simulations indicate that a subdominant component of dissipative atomic DM can cool
efficiently and form macroscopic structures such as dark disks and compact clumps, po-
tentially affecting galactic morphology and baryonic evolution even when its fractional
abundance is small [108]. Other studies investigate dark-sector phase transitions occurring
after primordial nucleosynthesis, sometimes referred to as a “dark big bang,” which can
account for the observed DM abundance and may generate stochastic GW backgrounds
accessible to future observations [109]. Additional frameworks consider the existence of
multiple or mirrored copies of the Standard Model, where hidden-sector baryons or string-
and brane-based constructions provide viable DM candidates with particle spectra related
to that of visible matter [110,111]. In strongly interacting dark sectors, gravitational collapse
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can also lead to the formation of compact objects such as dark baryon-induced black holes
or long-lived black hole relics [112]. Given the review nature of the present work, a detailed
discussion of these scenarios is beyond its scope, and we refer interested readers to the
original literature for further details.

2.5. Probes of Dark Matter

A wide variety of observational and experimental approaches have been developed
to probe the nature of DM, each targeting different aspects of its microphysical properties
or macroscopic behavior. At this stage, it is useful to briefly summarize these traditional
probes and clarify the regimes in which they are most effective, before discussing alternative
and complementary approaches in later sections.

Direct detection experiments search for non-gravitational interactions between DM
particles and ordinary matter, typically via nuclear recoils induced by elastic scattering [8].
These experiments place stringent bounds on the interaction cross section for particle DM
in the GeV–TeV mass range, but their sensitivity rapidly decreases for very light DM,
ultra-heavy candidates, or scenarios in which DM couples extremely weakly—or not at
all—to Standard Model particles.

Indirect detection searches aim to identify annihilation or decay products of DM,
such as gamma rays, charged cosmic rays, or neutrinos [7]. These observations constrain
annihilation cross sections or decay rates under specific assumptions about the DM distri-
bution and astrophysical backgrounds. As a result, they are primarily sensitive to particle
DM models with sizable self-annihilation or decay channels and are ineffective for stable,
non-annihilating, or purely gravitational DM candidates.

Cosmological and large-scale structure observations, including galaxy surveys, cosmic
microwave background measurements, and weak gravitational lensing, probe the clustering
properties of DM on large scales [113]. These methods tightly constrain deviations from the
standard cold and collisionless DM paradigm, such as strong self-interactions or significant
free-streaming effects. However, they are largely insensitive to the detailed dynamics of
DM in strongly gravitating, highly nonlinear environments.

Taken together, these traditional probes have established a broad and increasingly
precise picture of DM across particle, galactic, and cosmological scales. At the same time,
they leave open important regions of parameter space—particularly for DM candidates
whose interactions are predominantly gravitational, collective, or environmental in nature,
and for scenarios in which DM effects are most pronounced in compact or high-density
astrophysical systems. In this context, space-based GW interferometers provide a qual-
itatively new observational window. By probing the dynamics of compact objects, the
propagation of GWs, and the properties of strong-field environments, GW observations
offer sensitivity to aspects of DM that are difficult or impossible to access with traditional
methods. The following sections will focus on how GWs, and in particular observations
with space-based detectors, can be used to probe DM models in a complementary and, in
some cases, unique manner.

3. Dark Matter Effects on Gravitational Waves

In this section, we review the main effects of DM on GWs. As schematically illustrated
in Figure 1, the evolution of a GW signal from its production to its detection can be divided
into three stages: the generation of GWs at the source, their propagation through the
Universe, and their detection by GW observatories. Depending on the specific DM models
and the associated physical effects, DM may affect each of these stages. The corresponding
impacts will be discussed in detail in the following subsections.
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Figure 1. Schematic illustration of the effects of DM on GWs from their generation to detection. The
white solid and dashed curves represent GWs emitted by the source with and without the influence
of DM, respectively. The blue and red solid curves denote the corresponding GW signals after
propagation through the Universe, where they may be further modified by DM-induced gravitational
lensing. This figure is intended as a conceptual illustration of the different stages at which DM can
affect GW observations, rather than a quantitative prediction. The impact of DM on GW detectors is
not explicitly shown. The three space-based detectors orbiting the Sun, from top to bottom, are LISA,
TianQin, and Taiji.

3.1. Effects of Dark Matter on Gravitational Wave Sources

We now discuss the impact of DM on multiple GW sources, including EMRIs, super-
massive black hole binaries, and compact binary systems, which fall within the frequency
band of space-based interferometers. DM primarily affects these sources by modifying the
gravitational potential of the system or altering the surrounding environment. The specific
mechanisms of these influences are detailed below.

3.1.1. Effects of Dark Matter on EMRIs

With the rapid development of GW astronomy, EMRIs have emerged as key sources
for future space-based detectors due to their long-lasting, coherent, and parameter-rich
millihertz GW signals [42,45]. EMRIs consist of a low-mass compact object (e.g., a stellar-
mass black hole, neutron star, or white dwarf) slowly inspiraling around a supermassive
black hole (SMBH). Their waveforms contain abundant information about the environ-
ment surrounding the central black hole, making them natural probes for studying DM
distributions in the vicinity of black holes [48].

In recent years, the distribution of DM in the vicinity of compact objects, particularly
around intermediate-mass and supermassive black holes, has been suggested to form
highly concentrated spike structures (DM spikes) [114]. Such spikes were first proposed
by Gondolo and Silk, who noted that if the central black hole grows adiabatically and
slowly, the surrounding pre-existing DM halo could be compressed into a steep power-law
profile. Subsequent studies, however, indicate that in realistic strong-gravity environments,
traditional power-law approximations are insufficient to accurately describe the steady-
state behavior of DM near the event horizon [115].

Sadeghian, Ferrara, and Will (SFW) developed a more self-consistent phase-space
approach within the framework of general relativity to describe the steady-state distribution
of DM around a Schwarzschild black hole [115]. They assumed DM as a cold, collisionless
particle system, described by a distribution function f (E, L) in energy-angular momentum
space. By directly solving for the allowed bound orbits in a GR spacetime and integrating
over 4-momentum, they obtained the mass density at any radius. SFW computed the
DM spike generated by adiabatic growth of a Hernquist halo near a Schwarzschild black
hole. This method does not require assuming a “power-law” density a priori; rather, the
inner saturation and outer power-law structure naturally emerge from orbital dynamics,
revealing relativistic corrections to DM spikes in strong gravitational fields [115].
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The self-consistent SFW framework also provides a theoretical foundation for assess-
ing the effects of DM on GW signals, annihilation radiation, and EMRI dynamics [115].
DM spikes formed under this framework not only significantly enhance the density near
black holes but also modify the orbital distribution of particles in the strong-field region,
resulting in additional perturbations to compact object orbits. EMRIs, as long-term in-
spiraling systems of low-mass compact objects around SMBHs, are highly sensitive to
minute environmental perturbations, making them ideal tools to probe the properties of
DM spikes [19]. Embedding an EMRI system in a DM-spike background alters the orbital
decay rate, precession behavior, energy dissipation, and final inspiral trajectory.

Once the formation mechanisms are established, the effects of DM spikes and broader
DM environments on EMRIs have become a major focus of GW theory [116]. EMRIs involve
stellar-mass compact objects spiraling around SMBHs for tens of thousands to millions of
orbital cycles, making them highly sensitive to tiny dynamical perturbations. The primary
mechanisms through which DM affects EMRIs are: modifications to spacetime geometry,
orbital energy and angular momentum loss due to dynamical friction, and mass/spin
evolution induced by DM accretion [117].

In the absence of DM, energy and angular momentum changes of EMRIs are mainly
driven by GW radiation:

(

dE

dt

)

GW
= gE(m, M, p, e),

(

dLz

dt

)

GW
= gLz(m, M, p, e), (16)

where m represents the mass of secondary, M represents the mass of the centeral BH, p

and e respectively represent the semi-latus rectum and eccentricity of the track. First, high-
density DM spikes directly modify the gravitational potential near the black hole, changing
the effective spacetime background for the EMRI secondary. This effect can be viewed as
an additional mass perturbation on the Kerr (or Schwarzschild) background, modifying
orbital precession, eccentricity evolution, and semimajor axis shrinkage rates [19]. Several
studies have shown that, under typical spike distributions, cumulative orbital phase shifts
may reach levels detectable by space interferometers. This effect is particularly pronounced
in the relativistic steady-state distribution framework of SFW, which predicts a relativistic
“saturation zone” near the event horizon, contributing systematically different orbital
dynamics than standard Newtonian power-law models.

Second, DM distributions induce dynamical friction, affecting EMRI evolution. As the
secondary moves through the DM medium, it generates a gravitational wake, resulting in
a retarding force that causes additional orbital energy and angular momentum loss [48].
This effect is more significant in high-density or low-velocity orbital phases and can be
generalized to a relativistic context via the Chandrasekhar dynamical friction formula:

(

dE

dt

)

DF
= FDF · v = −

4πρ(r,< v)G2m2γ2
[

1 +
(

v
c

)2
]2

v
ln Λ, (17)

(

dLz

dt

)

DF
= r · FDF

rΨ̇

v
= −

4πρ(r,< v)G2m2r2Ψ̇γ2
[

1 +
(

v
c

)2
]2

v2 ln Λ, (18)

where F represents dynamic friction, v represents the velocity of the secondary, ρ(r,< v)

represents the density of DM particles at radius r whose velocity is less than the velocity
of the secondary, γ is the Lorentz factor, and ln Λ is the Coulomb logarithm. Dynamical
friction generally accelerates orbital decay, shortening the time to merger and causing
additional phase shifts in the GW signal [118].
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Third, DM accretion can affect the intrinsic properties of the secondary. If DM particles
are captured by the compact object, accretion modifies its mass and spin over time, altering
orbital parameters and instantaneous GW frequency [119]. Although generally weaker
than the previous two mechanisms, this effect can be enhanced in certain scenarios (e.g.,
SIDM or compact DM cores), and thus must be considered in high-precision waveform
modeling. Consequently, the total evolution of energy and angular momentum in an EMRI
system immersed in DM is

dE

dt
=

(

dE

dt

)

GW
+

(

dE

dt

)

DF
+

(

dE

dt

)

acc
, (19)

dLz

dt
=

(

dLz

dt

)

GW
+

(

dLz

dt

)

DF
+

(

dLz

dt

)

acc
. (20)

Specifically, in high-density regions, EMRI secondaries may experience faster energy loss
and orbital decay, shortening merger timescales and inducing subtle modifications in GW
spectra and waveforms.

Theoretical studies by X.J. Yue et al. indicate that DM micro-spikes around black holes
could enhance the event rate of IMRIs/EMRIs by several orders of magnitude [120]. Using
NFW, Burkert, and Hernquist DM profiles, N. Dai et al. [121,122] and Z.C. Zhang et al. [123]
conducted detailed modeling of DM halos around SMBHs and coupled these with EMRI
orbital dynamics. Results show that DM halos can significantly alter EMRI trajectories
and GW phase evolution, as illustrated in Figure 1 from [121] and Figure 2 in this paper,
suggesting that such effects may be detectable by future high-precision GW detectors. More
recent work further indicates that DM density fluctuations (ULDM oscillations) may induce
noise-like structures in EMRI waveforms, and scalar or vector ULDM fields could resonate
with EMRI orbits, producing phase jumps or transient frequency drifts [124].
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Figure 2. EMRI waveforms under constant DM models. Solid (dashed) lines show GW waveforms
with (without) dynamical friction effects included. The main panel displays the waveform comparison
over the entire inspiral evolution, which spans a very long timescale characteristic of EMRIs. The
inset windows show zoomed-in waveform segments at the early, intermediate, and late stages
of the inspiral, respectively, highlighting the local phase evolution and the cumulative impact of
dynamical friction.
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In summary, DM influences EMRI orbital evolution and GW emission through modifi-
cations of spacetime, dynamical friction, and accretion effects. Given the extremely high
phase accumulation of EMRI signals, future space-based detectors (such as LISA, TianQin,
and Taiji) will have the capability to probe these subtle perturbations. By comparing wave-
forms in DM-present and vacuum backgrounds through template matching and parameter
estimation, it may be possible to infer the DM distribution around SMBHs, thereby provid-
ing new observational constraints on DM spike formation, DM-strong gravity interactions,
and the evolutionary history of galactic centers.

3.1.2. Effects of Dark Matter on Compact Binary Systems

Compact binary systems, such as binary black holes or binary neutron stars, due
to their strong gravitational fields and rapid orbital motion, are crucial laboratories for
studying extreme gravitational physics and GW astrophysics [20]. During their long-term
evolution, these systems lose orbital energy and angular momentum through GW emission,
eventually entering the late inspiral phase and finally merging [25]. As possible interactions
between DM particles and compact objects become a forefront topic in both theoretical and
observational research, the impact of DM on orbital evolution, internal structure, and GW
signals of compact binaries has attracted increasing attention [46].

DM accretion is an important mechanism influencing binary orbital evolution. When
a compact binary resides in a galactic DM halo, its components may slowly accrete DM via
gravitational capture or scattering, leading to a gradual increase in mass. This mass growth
modifies the Keplerian orbital parameters, manifested as a decrease in the semimajor axis
and a shortening of the orbital period, thereby accelerating the merger process. In high-
density DM environments, this effect can be particularly significant, potentially producing
observable phase shifts in the accumulated GW signal, as illustrated in [125,126]. In
addition, gravitational dynamical friction induced by the DM medium may further enhance
the orbital decay rate, introducing additional phase corrections to the GW signal.

Beyond affecting orbital dynamics, DM may alter the internal structure of compact
objects, thereby affecting the tidal response in GW waveforms. If DM particles can penetrate
neutron star interiors (e.g., with sufficient scattering cross-section or SIDM), their presence
modifies the neutron star equation of state (EOS), which in turn changes the mass–radius
relation and tidal deformability Λ. Studies based on relativistic mean-field (RMF) and
extended RMF models [127] indicate that DM admixed neutron stars typically have smaller
effective Love numbers compared to pure neutron stars. Consequently, waveforms of
binaries in the late inspiral stage last longer with weaker tidal phase contributions, resulting
in GW signals that deviate from standard general relativity predictions.

After binary neutron star mergers, DM components may exhibit richer dynamical
behavior. If compact cores composed of SIDM exist inside the neutron stars, they may
remain gravitationally bound post-merger and orbit around the merger remnant. Models
suggest that such DM cores can emit continuous GWs at frequencies of kilohertz order,
independent of the normal matter post-merger oscillation modes [128]. If such high-
frequency signals are detected by future detectors, they could provide compelling evidence
for the existence and properties of DM.

For binary black hole systems, scalar fields (e.g., axion or axion-like fields) around
rotating black holes may trigger superradiant instabilities, forming self-gravitating “scalar
clouds” near the black holes. Studies show that when specific resonance conditions are met,
these scalar clouds can drive additional continuous or transient GW emission and back-
react on the binary orbital evolution [129]. Such effects open new avenues for constraining
ULDM using GWs.
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Several other observationally relevant effects have been explored: additional orbital
damping due to DM backgrounds (e.g., enhanced dynamical friction in SIDM environ-
ments, which may accelerate orbital decay [130]); mass growth of compact objects due to
DM accretion deviating from general relativity predictions, potentially testable through sta-
tistical analysis of massive black hole mergers; and weak gravitational lensing effects of DM
subhalos along GW propagation paths, causing phase delays or amplitude modulations,
representing a new frontier in “GW lensing” [131].

Overall, DM can affect compact binary systems through multiple mechanisms, includ-
ing accretion, dynamical friction, EOS modification, tidal property changes, post-merger
DM core dynamics, and superradiance/resonance effects in black hole binaries. With the
improved precision of next-generation GW detectors, such as Cosmic Explorer, Einstein
Telescope (ET), and LISA, these effects may become powerful astrophysical probes of DM
properties and provide crucial insight into the evolutionary history of compact binaries
and predictions for future merger events.

3.1.3. Effects of Dark Matter on Supermassive Black Hole Mergers and Primordial
Black Holes

SMBHs and their rapid growth have long posed a central challenge in cosmology [132].
Observations have revealed numerous quasars with masses exceeding 109M⊙ at high
redshifts (z > 7), posing significant challenges to standard accretion-based growth scenar-
ios [133]. Constrained by the Eddington limit and feedback mechanisms, conventional
models struggle to grow seed black holes to observed masses within such a short cosmic
time [134]. Consequently, increasing attention has been given to the possibility of more
massive initial seeds, with DM, particularly primordial black holes (PBHs), considered
potential key players in SMBH formation and evolution [16,135].

PBHs are thought to form from local collapses triggered by early-universe density
fluctuations, phase transitions, or other high-energy processes, with masses spanning from
stellar to supermassive scales [136,137]. Recent cosmological simulations show that in
the dense cores of high-redshift DM halos, PBHs can rapidly cluster and merge under
dynamical friction, forming massive black hole seeds of 104−5M⊙ within short timescales,
providing a natural pathway for the rapid formation of SMBHs [138]. This mechanism
predicts the formation of numerous initial PBH binaries and rapid mergers, generating
potentially observable GW signals accessible to future space-based detectors such as LISA.

Beyond PBHs, DM also significantly influences the evolution and mergers of SMBH bi-
naries. A key issue is the so-called “final parsec problem”: after galactic mergers, two black
holes may stall at separations of ∼1 pc due to insufficient angular momentum dissipation,
preventing further inspiral into the strong gravity regime and efficient GW emission. Stud-
ies indicate that self-interacting DM can form dense DM spikes around SMBHs, enhancing
dynamical friction and effectively helping binaries overcome the final parsec bottleneck.
Gonzalo et al. [139] further show that velocity-dependent SIDM can not only reliably
solve the final parsec problem but also naturally predict the spectral softening observed in
low-frequency GW backgrounds in pulsar timing arrays (PTAs), providing theoretically
distinguishable signals. Additionally, studies by Benjamin et al. [140] suggest that in ULDM
environments, short coherence times and rich quasiparticle modes can provide additional
long-term angular momentum dissipation channels, also aiding SMBH binaries to traverse
the final parsec phase.

The influence of DM on SMBHs is not limited to the merger phase. Regarding accretion
and galactic feedback, the distribution and dynamics of DM may profoundly affect black
hole growth. If PBHs or dense DM cores exist as seeds, they may trigger early formation
of small-scale structures, enabling dense central regions of early galaxies to form more
quickly, accelerating gas inflow and driving rapid black hole growth. Moreover, DM-
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mediated dynamical friction can cause many black holes or stellar remnants to sink rapidly
toward galactic centers, enhancing the efficiency of mass assembly in galactic nuclei [141].
This implies that SMBH formation cannot rely solely on standard gas accretion models
but must also account for coupled effects of DM–compact object interactions on central
mass assembly.

Despite significant progress, substantial uncertainties remain regarding the true con-
tribution of DM, particularly PBHs, to SMBH growth. For instance, the initial PBH mass
function, spatial distribution, and evolution through evaporation or mergers remain poorly
constrained. The density structure and dynamical behavior of SIDM or ULDM in actual
galaxies also require higher-resolution simulations and observational data. Future GW
detectors may directly detect PBH mergers, SMBH binary evolution, and orbit modifica-
tions due to background DM, providing new observational tests for theories of DM-driven
SMBH growth. In Table 1, we have summarized the current main findings regarding the
influence of DM on GW sources. It is worth noting that although both DM and baryonic
environments can cause the orbital energy dissipation and phase shift of GW signals,
their physical properties in terms of density distribution and time stability are signifi-
cantly different. Therefore, while degeneracies exist at the level of orbital phase evolution,
their distinct spatial symmetries and temporal behaviors provide promising avenues for
disentanglement with high-SNR observations.

Table 1. Effects of DM on different GW sources.

GW Sources DM Effect Key DM Parameters Affected Quantities Detectability

EMRIs

Dynamical friction
ρDM(r), velocity

distribution
Orbital decay rate,

GW phase evolution
Phase shift
∆Φ & 1 rad

Modification of
spacetime

DM density profile
Orbital precession,

eccentricity evolution
Cumulative

waveform dephasing

DM accretion onto the
secondary

ρDM, DM
self-interaction

strength

Secondary mass/spin
evolution, GW

frequency

Subdominant but
detectable in

high-density or SIDM
scenarios

Compact binaries

DM accretion onto
compact objects

ρDM, scattering cross
section

Semimajor axis,
merger timescale

∆tc/tc & 10−3

Dynamical friction
ρDM, velocity

dispersion
Orbital decay, GW

phase accumulation
Phase corrections

∆Φ & 1 rad
DM-modified neutron

star EOS
DM density,

DM–baryon coupling
Tidal deformability Λ,

Love number
O(10%) deviation

SMBH binaries

PBH clustering and
seed formation

PBH mass function,
number density

SMBH seed mass,
merger rate

PBH merger signals

SIDM-assisted
inspiral (final parsec)

ρDM, SIDM cross
section σ/m

Binary separation,
inspiral timescale

Low-frequency GW
spectrum

ULDM-induced
angular momentum

dissipation

ρULDM, particle mass
mULDM

Orbital evolution, GW
frequency drift

Subtle waveform
distortions

3.2. Effects of Dark Matter on Gravitational Wave Propagation

The impact of DM on GW propagation has emerged as an important interdisciplinary
topic at the intersection of cosmology and GW physics in recent years [142]. The most
direct and widely studied mechanism is lensing amplification and modulation. When GWs
propagate through the universe and encounter foreground dense structures, such as PBHs,
compact DM clumps, or the centers of high-density DM halos, their wavefronts can be
bent, magnified, or interfered with, resulting in observable modulation features [47]. These
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lensing effects are physically analogous to electromagnetic wave lensing, but because GWs
can traverse nearly all matter distributions, they provide crucial information on the density
profiles, clump abundances, and compact DM components at different scales, making GW
lensing a unique probe for constraining DM properties. Unlike electromagnetic waves,
GWs are insensitive to plasma dispersion, making DM-induced lensing effects cleaner and
less affected by baryonic systematics.

Recent studies have explored the feasibility of constraining DM composition using
lensed GW signals. Guo et al. [143] systematically analyzed the detection capabilities of
second-generation, third-generation, and space-based GW detectors for PBH and compact
DM lensing effects. Their results indicate that, given sufficiently high signal-to-noise
ratios, weak lensing in the wave optics regime can introduce oscillatory modulations in
the waveform, allowing future detectors to sensitively constrain the abundance, mass
distribution, and clustering properties of small-scale DM structures.

Meanwhile, studies by Oguri et al. and the LIGO Scientific Collaboration [144] indicate
that if GWs are lensed by compact DM objects with masses in the range 10–103M⊙ during
propagation, the waveform exhibits interference structures resembling “chirp frequency
modulation”. In this scenario, aLIGO could constrain the fraction of compact DM fDM to a
few percent after only one year of observation (example results shown in [144]), providing
a novel experimental pathway for probing low-mass PBH DM.

The effects of DM on GW propagation are not limited to lensing. If DM exhibits
significant self-interactions, its large-scale behavior may resemble a viscous fluid. In this
framework, the effective shear viscosity of DM can introduce additional energy dissipa-
tion during GW propagation, causing a mild amplitude attenuation with distance. This
mechanism was first proposed by Flauger and Weinberg and has been further quantified
in subsequent works [145]. Studies show that if the self-scattering cross-section of DM is
sufficiently large to manifest fluid-like behavior on galaxy group scales, its shear viscosity
can produce observable attenuation for high-frequency GWs. Future third-generation
and space-based detectors may be able to detect or constrain this effect, offering a novel
experimental test of SIDM models.

Additionally, some studies suggest that if DM exists as a scalar or vector field back-
ground, GW propagation may experience time-varying refractive indices, slight shifts
in wave speed, or phase distortions. For instance, coherent ULDM fields on galactic
scales can induce annual phase modulations in GWs, potentially detectable by LISA [146].
If dark photons couple to gravity, additional effective medium terms could introduce
frequency-dependent group velocities for GWs, which could be tested with future multi-
band observations combining LIGO, LISA, and ET [147].

Overall, with improving detector sensitivity, GWs provide a powerful avenue for
probing DM properties. Lensing effects can test for compact DM components and constrain
small-scale structure abundances, while fluid-like attenuation and field-theoretic effects
allow for examination of self-interactions and the field nature of DM. Future waveform
analyses, event statistics, and multi-band observations will offer key insights into the
composition and distribution of DM and may ultimately help determine whether it includes
PBHs, SIDM, ULDM, or vector DM candidates. Table 2 summarizes the main dark-matter-
induced propagation effects on GWs, the associated DM scenarios, and the GW observables
that may be affected in current and future experiments.
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Table 2. Dark matter effects on GW propagation.

Propagation Effect DM Scenario Key DM Property
Affected GW
Observables

Detectability

Gravitational lensing
PBHs/compact DM

objects
Compactness and

abundance

Amplitude
magnification,

waveform
modulation

Possible with
high-SNR events

Wave-optics
interference

PBHs
Lens mass and

spatial distribution

Frequency-
dependent

oscillations, phase
distortions

Accessible to ground-
and space-based

detectors

Microlensing by DM
substructure

Compact DM
clumps/subhalos

Small-scale DM
structure

Time-dependent
amplitude and phase

modulation

Favorable for
space-based

detectors

Viscous attenuation
Self-interacting DM

(SIDM)
Effective shear

viscosity
Distance-dependent
amplitude damping

Potentially testable
with future detectors

Refractive index
modulation

Scalar ULDM
Coherent field
background

Periodic phase shifts,
propagation speed

variation

Particularly relevant
for LISA

Modified dispersion
relation

Vector DM/dark
photon background

Effective medium
effects

Frequency-
dependent phase

velocity

Testable via
multi-band

observations

3.3. Effects of Dark Matter on Gravitational Wave Detectors

The potential impact of DM on GW detectors has become a focal point of both theo-
retical and experimental research, particularly in scenarios where ULDM couples to SM
particles [90]. If such extremely light particles interact with ordinary matter, they can induce
periodic mass or mechanical oscillations in test masses within detectors (e.g., interferometer
mirrors or beam splitters), leaving observable imprints in the interferometric signals [148].
The long coherence time and narrow-band nature of ULDM-induced signals provide a
powerful discriminator against instrumental noise and environmental disturbances. This
concept is increasingly recognized as a promising pathway for directly probing DM using
GW detectors.

As an example, consider ultralight SFDM [149]. Due to its extremely low mass, the
corresponding number density is very high, so the field can be treated locally in the detector
as a classical scalar background. For simplicity, this scalar field is often approximated as a
monochromatic wave:

φ = φ~k cos
(

ωkt −~k ·~x + θ~k

)

, (21)

and, given its coupling to SM matter (for instance, through modifications of atomic masses
or fundamental constants), the action for a test mass (e.g., a mirror or optical element in an
interferometer) can be written as

S = −
∫

m(φ)
√

−ηµνdxµdxν. (22)

In the non-relativistic limit, the effective equation of motion can be approximated as

d2xi

dt2 ≈ −κα(φ)∂iφ, (23)
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where κ represents the gravitational coupling constant, and the DM-matter coupling coeffi-
cient α(φ) is defined by

α(φ) ≡
d ln m(φ)

d(κφ)
. (24)

Considering that atomic masses are mainly determined by the QCD scale, α(φ) can be
approximated as

α(φ) ≃ d∗g ≃ dg + 0.093(dm̂ − dg), (25)

where dg represents the coupling of the scalar field to the QCD scale, dm̂ represents the
coupling of the scalar field back to the average quark mass, and d∗g represents the effective
coupling constant after considering the nuclear structure. By integrating the equation of
motion twice, one obtains the oscillatory solution for the test mass position:

xi ≃ d∗gκφ~k
ki

m2
φ

sin
(

ωkt −~k ·~x + θ~k

)

+ const. (26)

This expression clearly shows that under the influence of a scalar DM field, the test masses
(mirrors or other components) in the detector oscillate at the frequency of the background
field, producing a continuous periodic interferometric signal.

Based on this mechanism, space-based interferometers such as LISA, Taiji, and TianQin
are particularly powerful detection platforms. By employing time-delay interferometry
(TDI) techniques, these detectors can effectively suppress laser frequency noise and com-
bine multiple TDI channels to extract potential signals induced by DM [149–151]. Previous
studies indicate that for certain scalar masses (e.g., 2 × 10−17 eV, 10−14 eV, and 10−12 eV),
these space detectors could provide constraints on scalar–matter couplings that are signifi-
cantly tighter than current fifth-force experiments, with enhancement factors reaching tens
to hundreds. Some of these results are illustrated in Figure 2 from [149].

For ultralight vector DM, such as dark photons, ground-based GW interferometers
can also serve as sensitive probes. Recently, the O3GK run of KAGRA has been used to
search for U(1) vector DM [152]. This study constrained U(1)B–L dark photons by analyzing
the possible coupling-induced forces on test masses composed of different mirror materials.
This empirical analysis demonstrates the sensitivity of interferometers to vector DM and
provides a roadmap for extending searches to lower masses and longer observation times.

Moreover, theoretical studies have expanded the potential of this approach. For exam-
ple, a stochastic ultralight scalar DM background could be detected in space interferometers
through induced modifications in noise power spectra [151]. Other works suggest that
even in the absence of direct coupling, the gravitational interaction between ULDM and
detectors can induce small but cumulative effects via density fluctuations, particularly
when the wavelength is comparable to the interferometer arm length [153]. Notably, the
LISA Pathfinder mission was used to attempt the first search for dark photon DM [154].
Although no significant signal was detected, it provided valuable validation and data
analysis experience for future space-based interferometers.

In summary, as the sensitivity of GW detectors continues to improve, using them
to detect ULDM via induced oscillations in test masses or interferometric channels is
emerging as a new frontier in DM physics. Future challenges primarily lie in distinguishing
these signals from environmental noise, such as laser frequency fluctuations, temperature
variations, and mechanical resonances, and optimizing data analysis techniques to reduce
false positives. By improving noise modeling, enhancing TDI techniques, and conducting
longer observation campaigns, this research avenue has the potential to provide a novel
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window into the nature of ULDM. Table 3 summarizes the main mechanisms through which
DM may directly affect GW detectors, the associated DM scenarios, and the interferometric
observables that could be exploited in current and future experiments.

Table 3. Dark matter effects on GW detectors.

Detector Effect DM Scenario Key DM Property Affected Observables

Test-mass oscillations Scalar ULDM (SFDM) Coupling to SM masses
Mirror displacement,

phase modulation

Periodic interferometric
signal

Coherent scalar field
Field coherence and

frequency
Continuous narrow-band

signals

Material-dependent forces
Vector ULDM (dark

photons)
Coupling to baryon or

lepton number
Differential mirror

acceleration

Noise spectrum
modification

Stochastic ULDM
background

Field energy density
fluctuations

Excess noise or spectral
features

Gravitational coupling
effects

ULDM without direct SM
coupling

Density fluctuations
Weak cumulative

displacement effects

Pathfinder-scale tests Vector or scalar ULDM Effective force sensitivity
Residual acceleration

measurements

4. Multi-Messenger Strategies and Complementary Probes

Beyond the space-based GW interferometers discussed throughout this review, con-
straining the nature of DM increasingly relies on multi-messenger approaches that combine
GW observations with complementary probes. Such strategies are particularly valuable
for testing DM models across different frequency bands, astrophysical environments, and
physical mechanisms, and for reducing degeneracies with standard astrophysical processes.

In this broader context, PTAs provide a powerful and complementary window into
DM effects. Operating in the nanohertz frequency range (∼10−9–10−7 Hz), PTAs are
sensitive to GWs from supermassive black hole binaries and stochastic backgrounds, which
may be influenced by DM through mechanisms such as enhanced dynamical friction,
modified merger rates, or early primordial black hole clustering. Recent PTA data have
therefore opened new opportunities to constrain DM scenarios on galactic and cosmological
scales that are not directly accessible to space-based interferometers, as demonstrated by
the latest data releases from NANOGrav and EPTA [155,156]. A comprehensive overview
of the astrophysical implications of nanohertz GWs and their relevance to DM physics can
be found in Ref. [157].

The combination of PTA observations with space-based interferometer measurements
naturally enables a multi-band GW framework. While PTAs probe the large-scale, low-
frequency regime of black hole evolution and stochastic backgrounds, space-based inter-
ferometers are sensitive to millihertz signals associated with extreme mass-ratio inspirals,
DM spikes in strong gravity, propagation effects, and possible direct detector responses
induced by ultralight DM. Joint analyses across these frequency bands can significantly
strengthen constraints on DM models and improve discrimination between different physi-
cal mechanisms. In particular, PTAs have been shown to be sensitive to coherent oscillatory
signals induced by ultralight scalar DM through pulsar timing residuals [158], providing a
complementary probe to space-based interferometers operating at much higher frequencies.

Electromagnetic observations further enhance this multi-messenger picture by pro-
viding independent information on baryonic environments [159]. Measurements of stellar
kinematics, gas distributions, and accretion activity in galactic nuclei are essential for con-
straining astrophysical systematics that may otherwise mimic DM-induced effects in GW
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signals. Such observations offer valuable priors for interpreting GW data and for assessing
the robustness of potential DM signatures.

While multi-messenger approaches are often highlighted as a promising avenue for
advancing DM studies, a comprehensive review of all relevant probes lies beyond the scope
of this work. The primary focus of this review remains on DM effects accessible through
space-based GW interferometers. Nevertheless, future progress in this field will likely rely
on the combined interpretation of data from space- and ground-based interferometers, pul-
sar timing arrays, and electromagnetic observations, forming a coherent multi-messenger
framework for probing the nature of DM.

5. Summary and Conclusions

The evidence for the existence of DM can be considered overwhelming. Contemporary
cosmology and structure formation theories require the inclusion of DM to successfully
explain observations such as galaxy rotation curves, galaxy cluster dynamics, gravitational
lensing, CMB anisotropies, and large-scale structure. Due to its fundamental role in the
universe, the intrinsic nature of DM has become a central question at the intersection of
modern physics and astrophysics. With the advent of GW detection, the influence of DM
on GW sources, propagation, and detectors has gradually emerged as a novel observational
avenue, establishing GW astronomy as an increasingly important tool for probing DM.

In this review, we have focused on several widely discussed DM candidates, including
WIMPs, various forms of ULDM (covering axions, SFDM, and VFDM such as dark photons),
DM halo models that describe the distribution of DM on galactic scales, and SIDM. These
candidates differ significantly in terms of their theoretical frameworks, particle mass ranges,
couplings to the SM, and astrophysical manifestations, which in turn lead to distinct
observational signatures in GW detection.

The effects of DM on GW observations can be summarized from three perspectives:
(1) its dynamical influence on GW sources; (2) its impact on GW propagation through
the universe; and (3) its influence on the detectors themselves. At the source end, we
discussed EMRIs, massive binary black hole mergers, and compact binary systems. In
EMRIs, DM affects orbital evolution, energy and angular momentum loss, and the resulting
GW waveform via modifications to the gravitational potential around supermassive black
holes, formation of dense spikes, and dynamical friction. In massive binary black hole
systems, the presence of DM may facilitate rapid black hole growth, enhance merger
efficiency, and partially alleviate the “final parsec problem.” For compact binaries, DM
accretion can alter stellar masses and orbital parameters, thereby modifying the temporal
evolution of GW frequencies and amplitudes.

Regarding propagation effects, DM can influence GW signals through gravitational
lensing, affecting waveform shapes, amplitudes, and arrival times. In particular, substruc-
ture lensing or dense halo structures may induce interference, phase shifts, or multipath
propagation effects, providing potential signals for probing DM distributions. At the de-
tector end, current research mainly focuses on ULDM and its periodic perturbations on
interferometer optical paths, test mass motion, or equivalent noise spectra. Such effects
can be sought using the high-precision measurement capabilities of current and future
GW detectors.

Different classes of GW signatures probe distinct physical aspects of DM and there-
fore offer complementary discrimination power among competing scenarios. Effects on
GW sources, such as dynamical friction or density spikes in extreme mass-ratio inspirals
and massive black hole binaries, are primarily sensitive to the macroscopic distribution
and self-interaction properties of DM, providing a means to distinguish between cuspy
and cored profiles or between collisionless and SIDM models. Propagation effects, in-
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cluding gravitational lensing or phase perturbations induced by DM inhomogeneities,
are instead more sensitive to the presence of compact or clustered structures, and can
therefore probe primordial black holes or other forms of compact DM substructure. In
contrast, detector-level effects induced by ultralight DM, such as coherent oscillations of
test masses or effective variations in fundamental constants, directly depend on the particle
mass and coupling to Standard Model fields, and are largely insensitive to astrophysical
environments, offering a particularly clean handle on particle-like DM models. While no
single GW observable is expected to uniquely identify the nature of DM, the diversity
of effects accessible to space-based interferometers enables a systematic reduction in the
viable model space when different signatures are considered jointly. From a particle-physics
perspective, future detections or null results from GW observations can therefore provide
nontrivial constraints on DM masses, interaction strengths, and effective couplings that are
complementary to those obtained from laboratory experiments, cosmological observations,
and traditional astrophysical probes. In this sense, space-based GW interferometers are not
only discovery instruments, but also precision tools capable of informing and guiding the
construction of consistent DM models across a wide range of physical scales.

Finally, the study of DM through GWs naturally benefits from a broader multi-
messenger and multi-probe context. Electromagnetic observations, including stellar kine-
matics, gas dynamics, and accretion signatures in galactic nuclei, provide essential infor-
mation on baryonic environments and gravitational potentials, helping to disentangle DM
effects from astrophysical systematics in GW signals. Cosmological and large-scale struc-
ture observations, such as the cosmic microwave background, galaxy surveys, and weak
lensing measurements, place complementary constraints on DM abundance, clustering
properties, and interaction strengths across vastly different scales. When combined with
GW data, these probes enable cross-validation of inferred DM properties and improve the
robustness of potential interpretations. In this sense, GW astronomy should be viewed as an
integral component of a broader multi-messenger framework, where its unique sensitivity
to dynamical and relativistic phenomena provides information that is largely inaccessible
to other observational channels.

Looking ahead, the construction and operation of space-based GW detectors will
significantly enhance data precision and frequency coverage, making the detection of
DM–related effects increasingly feasible. On the theoretical side, more refined DM distri-
bution models, waveform modeling under multi-physics scenarios, and comprehensive
multi-messenger observational strategies will jointly improve constraints on DM properties.
A deeper understanding of the interactions between DM and GWs will not only advance
our knowledge of cosmic composition and structure but may also provide critical insights
for exploring physics beyond the SM.
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The following abbreviations are used in this manuscript:

BEC Bose–Einstein Condensates
CDM Cold Dark Matter
CMB Cosmic Microwave Background
DM Dark Matter
EMRI Extreme Mass Ratio Inspiral
ET Einstein Telescope
FDM Fuzzy Dark Matter
GW Gravitational Wave
LISA Laser Interferometer Space Antenna
NFW Navarro–Frenk–White
PBH Primordial Black Hole
PTA Pulsar Timing Array
QCD Quantum Chromodynamics
SFW Sadeghian–Ferrara–Will
SFDM Scalar Field Dark Matter
SIDM Self-interacting Dark Matter
SM Standard Model
SME Standard Model extensions
SUSY Supersymmetry
TDI Time-delay Interferometry
ULDM Ultralight Dark Matter
VFDM Vector Field Dark Matter
SMBH Supermassive Black Hole
WIMP Weakly Interacting Massive Particles
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