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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 ?

— Ultralight Dark Matter ?
— Primordial Black Holes ?



Azion-Like Particles Kl
Real scalar field ¢
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Potential of ALPs
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e QCD axion — Strong CP problem.
e ALPs exhibit a broader spectrum of masses and coupling constants.
o Attractive self-interaction: A = —m?/f2 < 0

In the non-relativistic limit
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ALP Soliton

Metric
ds® = —[1 + 2®(t, x)]dt* + [1 — 2V (¢, x)]d;;dz" dx?

Schrédinger-Poisson equations
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Soliton: equilibrium solution

attractive self-interaction
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Metric Oscillation Kl
General form of ALPs

¢(t, ) = do() cos(wat + Y ()
o ¢o(x) and Y(x) are functions that exhibit slow changes in positions

e Oscillation frequency of ALPs
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Metric oscillation
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Oscillating Force on Binary Black Holes

Geodesic deviation equation for the binary black holes
7‘7' = —Ri()j()’f’j = —\.I./’I‘i

Force on binary black holes
7 = —FpMm?

e Oscillating force on binary black holes induced by ALPs
Foum = Ur = —47Gppy 7 [Ag cos(2wqt + 2T) + Ay cos(dw,t + 4T)}
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Orbital Evolution of Binary Black Holes

Orbital evolution due to
oscillating force induced by ALPs
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Non-zero eccentricity
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Orbital evolution due to
emission of GWs
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Orbital Evolution Equations KIES
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Evolution of Semi-major Axis KIES
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o Distinctive oscillatory features in «, characterized by periodic dips occurring at
specific intervals of v.

o Highlighting the resonant interaction between the binary system and the sur-
rounding ALP environment.




0.50

0.30L,

0.9

0.8

6(t)/€w/0 DM (t)

0.7
Raito with respect
to vacuum case

Evolution

of Eccentricity

045

< 040}
L m=10""eV, A = —10~*

0.35
L =——ppum = 10" Mg /pc?
[ =—ppym = 10%M /pc?

T

= oM = 108 M, /pc?

T

T ———

1 Eccentricity
] decreases in time



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




Fisher Matriz Analysis

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

Fisher information matrix
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e 0 represents the vector of parameters with its true value denoted by 6.
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Root-mean-squared errors for the parameters
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Detectable Regions of ALPs Parameter Space K|ES

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

mHz Hz kHz MHz

RIS TT A RTITY ST AT W RTIIT SRR M ETTT SR ETTT MMATIT BRI MEEATITT EAWRTTIT
7

A M = 10* M,
o G eo = 0.3

/71’)]\[ — 1016 4“?\'[@/1)(’/3

Superradiance

T T T T T Ty Ty T
o & A 6 5 b ) 2 W o

7 7 T T e e et T e e et T W

m [eV]

AL SR ALLLL S AL SRR LU B B
N . -

-

e 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.

e This method stands as one of solutions in the “nightmare scenario” for dark
matter detection, when ALPs exhibit non-existent couplings to the Standard
Model particles.




Summary Kl

Axion-like particle is one of the most attractive dark matter candidate.

We explored the resonant interactions between axion-like particles and binary
black hole mergers, mediated via spacetime metric perturbations from the oscil-
lating wave-like nature of ALPs.

This unique interaction leaves distinctive oscillatory features in gravitational
waveforms, detectable by observatories like LISA.

We performed a rigorous Fisher matrix analysis to delineate the detectable ALP
parameter space using these features.
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Soliton in Azion Minicluster KlES
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