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What is dark matter ?



Dark Matter Candidates K|ES
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e Tight bounds are imposed on WIMP
e Next decade: A paradigm shift 7

— Ultralight Dark Matter ?
— Primordial Black Holes ?



Ultralight Dark Matter KI
e 107#eV<m< eV
— Wave-like Nature: A\gp = h/p

“wave” description rather than a “particle” description at macroscopic scales.

— Forming a Bose—FEinstein condensate (BEC) or a superfluid on galactic scales.

e ULDM classes
— Fuzzy DM

Ultra-light scalar field under the influence of gravitational potential.
— Self-interacting ULDM

Self-interacting scalar field with 2-body (or higher) interaction.
— DM Superfluid

Superfluid with specific EoS to reproduce MOND in galaxies.



Simplified Models for Self-Interacting ULDM kifls

Consider a generic real scalar field ¢
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I SR Yt
V(o) = MO+ Ao
e A > 0: repulsive self-interaction

e A\ < 0: attractive self-interaction

In the non-relativistic limit
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Fast-varying phase Slowly varying complex scalar
(capturing the dynamics of ¢)



Soliton K'ES

Metric o
ds? = —[1+2®(t, z)|dt* + [1 — 2U(¢t, z)]6;;dx’ da?

Schrédinger-Poisson equations
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Gravitational wave probes on self-interacting dark matter surrounding an interme-
diate mass black hole
[2306.10828] PRD 109, 015022 (2024)
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Repulsive Self-Interacting ULDM KIES
5= [ dtev=g 3o 000,05t - o'

A >0, repulsive interaction
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Black Hole + DM Halo
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Spike DM Halo around Black Hole K|ES

e Spike halo:
the adiabatic growth of a black
hole creates a high density dark
matter region.

T, Vsp
Pepite(T) = psp (%) ysp =T7/3
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Density Profile of DM Halo

Black Hole + DM Halo
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Binary Black Holes KIES

GWs GWs

o

g=mo/m; < 1

e Dynamical friction

2
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2= 3A\Phalo
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Dephasing of GWs
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AV = ¥(vacuum) — ¥(with DM halo)
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Fisher Matriz Analysis Kl

Predict how well the experiment will be able to
constrain the model parameters before doing the experiment.

Fisher information matrix

Lij = (agg) ’ agé(’f) > o=

() Ralf) ) r
VS VSN VSN

e 0 represents the vector of parameters with its true value denoted by 6.

- |

o S;(f) is the noise power spectral density for the ith detector.

. ﬁi( f) is the Fourier transformation of the time domain signal.

Root-mean-squared errors for the parameters
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Detectable Regions of Parameter Space K|ES

Parameter set
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Detectable Regions of Parameter Space KIES

Parameter set
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Gravitational Wave Duet by Resonating Binary Black Holes with Axion-Like Par-
ticles
[2407.14604]
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Azion-Like Particles
Potential of ALPs

1 1 m?
V(p) =m?f2(1 — cos fii) ~ §m2¢2 _ E% 4

e QCD axion — Strong CP problem.
o ALPs exhibit a broader spectrum of masses and coupling constants.

o Attractive self-interaction: A = —m?/f2 < 0

General form of ALPs
d(t,x) = ¢o(x) cos(wat + YT(x))
o ¢o(x) and Y(x) are functions that exhibit slow changes in positions

e Oscillation frequency of ALPs

A
we =m(1 + W%)

Kil



Metric Oscillation of ALP Soliton

Einstein equation

O Top Gop & U

Metric oscillation

Averaging density of ALPs over 27 /w,
1

3
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2
Dimensionless parameters

Ay 4 are functions of A
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Oscillating Force on Binary Black Holes Klas

Geodesic deviation equation for the binary black holes
7‘1 = —Ri()j()?“j = —\.I.”I‘i

Force on binary black holes
¥ = —Fpm?T

e Oscillating force on binary black holes induced by ALPs
Foum = Ur = —47Gppu [Ag cos(2wqt + 2T) + Ay cos(dw,t + 4T)}
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Orbital Evolution of Binary Black Holes KlES

Orbital evolution due to Orbital evolution due to
oscillating force induced by ALPs emission of GWs
da a3 da 64G3uM? 73 5, 37 o
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Non-zero eccentricity

Xing-Yu Yang (%2 F) 20/25



FEvolution of Semi-major Axis

Dimensionless 750F:
semi-major axis
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Frequency ratio
v = 2w, /w

ALPs frequency
we =m(1+ ﬁqﬁ)

Binary frequency

w=+/GM/a3

e Distinctive oscillatory features in «, characterized by periodic dips occurring at

specific intervals of v.

o This behavior highlights the dynamic interaction between the gravitational ef-
fects of the binary system and the surrounding ALPs environment.
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cos(2¢ — 20) + Z sin? L[COS(L,O —p) + e]
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Each broad peak
corresponds to

the n-th harmonic in
Fourier decomposition of
Keplerian motion.

dL =0.1 GpC
(.} =m/4

[ o Identifying oscillatory patterns in GWs may indicate the existence of ALPs. ]




Detectable Regions of ALPs Parameter Space

4 years of observation time (LISA), SNR = 100

mHz Hz kHz MHz
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Detectable Regions of ALPs Parameter Space

4 years of observation time (LISA), SNR = 100
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This result does not rely on presupposed ALPs interaction with photons or
nucleons, highlighting potential of GWs to detect ALPs solely through their

gravitational effects.

This method stands as one of solutions in the “nightmare scenario” for dark
matter detection, when ALPs have no couplings to the Standard Model particles.




Summary KIS

o Ultralight DM has been receiving a lot of attention in the past few years given
its interesting property of forming a Bose—Einstein condensate or a superfluid
on galactic scales.

e The accretion of DM around black holes could lead to the formation of sur-
rounding halo. The gravitational waves from intermediate mass ratio inspiral
with surrounding halo can be probes on the self-interacting ultralight DM.

e The resonant interactions between binary black holes and axion-like particles
can generate distinct oscillatory patterns in gravitational waves, which could be
detected by upcoming experiments such as LISA, highlighting the potential of
gravitational waves to detect axion-like particles solely through their gravita-
tional effects.
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Orbital Evolution Equations
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Raito with respect
to vacuum case

Fvolution of Eccentricity
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Eccentricity
1 decreases in time



#(t) = Pwso pr(t)

©p(t) = @p, wjo DM(L)
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