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\\ Motivation: new physics
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The Gravitational Wave Spectrum
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[cf. LISA/Ultra-High-Frequency Gravitational Waves Initiative]
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) \\ Ultralight dark matter and gravitational wave

GW & WDM

Black Hole Superradiance & GW signal
m Axion annihilation ¥ 4+ 9 — h(Stochastic GW)
Energy transition 97 — 9~ + h(Monochromic)

i = Ren ~ (Mpy ) (_my
m Superradiance oo = ol (M@ (10,1%\/)

m Fast Radio Burst from Axion ~ 9FF (9 — )
= GW burst from Axion ~ 9RR (1 — hh)

Ultra-light DM and multi band GW detection

m Tabletop exp: Axion star & GW burst (~ GHz)

m LISA & LVK: Superradiance ( ~ mHz - kHz)

m FAST & SKA : Ultra-light dark matter (~ nHz) )
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Axion-like Cloud and Black Hole Superradiance

GW & WDM

Schwarzschild Rgy = GyMpgy/c?, de Broglie wave length Ay = h/(myvs)

isti = Ren ~ (Mpy\ (_ms__\ (va
m Characteristic a = 72 ~ (MG > (528 ().

m Formation time 7y < Universe's age 7y ~ 103 (MBH) Ren

Ty 10761'84O‘RBH, a>1, Y =~ 24 a‘gRBH, a < 1.

Logqg(myleV) -10 - ~

gravitons \/v\, \/V\f axons sl -

Logy(Mgh/Mg)
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\\ Gravitational Collider: surrounding the black hole

Axion-like DM

[cf. Arvanitaki-Dubovsky, String Axiverse -2011]
GW & WDM (Nov.22@Axion2022) Yun-Long Zhang(NAOC) 6/20




DD Axion annihilation and S

BH Superradiance

»
1 graviton

m Axion annihilation 9 + 9

m Stochastic GW [cf. Brito-Cardoso-Pani, Superradiance 2020]

tochastic GWs

LIGO 02 + 01
LISA, 4 years
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— h, Strain h ~ 10721 — 10732,
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Energy level transition and Monochromic GW

m, = 107%V
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10720
Decaying Modes 1 0_22
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10726
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Super-Radiant Modes

W\l

Gravitons

BH Superradiance

my =107V

my = 10""ev

m, = 10""%eV

m Energy transition 9* — 9~ + h, Strain h ~ 1071° — 10~%

m Monochromic GW [cf. Brito-Cardoso-Pani, Superradiance 2020]
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\\ Branch Ratio of GWs and EMs

GW & WDM

The triangle Feynman diagram: where the axion-photon
coupling is generated from Chern-Simon gravity coupling.

— F _ B po s
m Lopp = —FOFwFY,  Lopp = FIR RS

m The triangle diagram is divergent as vy, ~ ag(Acs/Mp)*,
where A is the cut-off for Chern-Simons theory.

Two powers of M, from h,,, T*" coupling.
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Parametric resonance and GW amplification

Branch Ratio and GWs

Br(9— o3 Mo\
_Br((ﬂ:si)) = </\_pl) , (Power of FRB P(,) ~ 10*ergs/s).

5

= High frequency hg) ~ 1072° (ﬁ) (%)I/z (Lch)

i 7)

m Low freq. hg ~ 10—21(10—;HZ>1/2(13;,%;®)1/2<1kch)

GW & WDM
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cf. PRD'21, S. Sun, Y. L. Zhang, Gravitational Wave Burst from Axion Clumps
PRD’'21, V. Vadakkumbatt et al, Prototype superfluid gravitational wave detettor
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\3 Ultra light dark matter and pulsar timing

Ultra light dark matter
m PTA & SKA: ultra light DM(~ nHz)

| )\dB = @ ~ 4kpC <1O 23eV> <$>
mfo="7c~ 8nHz(

PTA and DM
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[cf. X. Xue, X. J. Zhu et al. 2018] & [cf. Burke-Spolaor, et al. 2019]
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[cf. Burke-Spolaor, et al., “The astrophysics of nanohertz gravitational waves” |
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\\ Pulsar timing residual and fuzzy dark matter

GW & WDM

m Metric: ds? = — (14 20)dt? + [(1 — 2W¥) §; + hj] dx'dx.
m e.g. the scalar field ¢(x, t) = ¢(x) cos [mt + Oo(x)],
Oscillating potential W ~ W(x) + W, cos [2 (mt + 6o(x))]

Spin-0 DM

Doppler effect: zy4(t) = M ~ W(xy, ty) — V(xo, to).

Timing residual in the pulse Rd) = [y zs(t)dt’
2
Strain h¢—2\/_\ll¢— \f p¢ ~52x 1077 (%) )

GW Timing residual: Rc(f) =4/ Sc(f) = %"ﬁ? (%)1/2

[cf. Burke-Spolaor, “Pulsar timing signal from ultralight scalar DM" JCAP(2014) |

|
=3
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Pulsar timing residual and ultralight dark matter

spin-0 DM

[cf. Burke-Spolaor, “Pulsar timing signal from ultralight scalar DM” JCAP(2014) ]
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[cf. Nomura-Itoy-Soda, “Pulsar timing residual induced by ultralight vector DM” PRD(2020) |
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Pulsar timing constraints on spin-2 ULDM

GW & WDM

spin-2 ultralight fields

m Spin-2: massive tensor field(Fierz-Pauli): Bi-metric gravity,
L) = %MW“:WPUMW - %mz (M M — M?)
m The oscillating solution Mjj = M cos [mt 4 0>(x)]ej;

in2 o m Effective metric perturbations: gj; = d;; + ,\"4‘—2/M,-j
pi

m The redshift z(t) =

107"
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[cf. Armaleo-Nacir-Urbanb, “Pulsar timing array constraints on spin-2;ULDMZ JCAP£020) ]
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\3 Multi fields: Marcenko-Pastur distribution

spin-2 DM

Mass spectrum and ultralight fields

m Energy density: p, = [ dmp(m) = [ dmim?$(m)>P(m).
m Convenient choice: j(m) ~ p,P(m), [ dmP(m)=

m Marcenko-Pastur: Py (m?) = V(m?

) (=)
2w Bm3m? 2

[cf. Marcenko-Pastur,

e

“Distributions of Eigenvalues for Some Sets of Random Matrices,” (1967) |

Probability

[cf. Easthera-McAllister,
Cai-Hu-Piao,
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-

“Random Matrices and the Spectrum of N-flation” JCAP(2006)
“Entropy Perturbations in N-flatien” PRB{2009)
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GW & WDM

spin-2 DM

Our phenomenological fitting results

Mass spectrum and ultralight fields

m Marcenko-Pastur: Py(m

2y _ V/(m*—m2)(m}

= 22
2w Bmgm

Spin-0, Marcenko

Spin-0, Rayleigh
-~ Spin-2, Marcenko

Spin-2, Rayleigh

02f{

m[1072eV]

[Sun-Yang-Zhang, PRD(2022) “Pulsar Timing Residual induced by Wideband Ultralight Dark Matter” ]
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)3 Our phenomenological fitting results

The effective strain

m hE(F) = 2% Y3001 p(rrf)

2
Mp, Arnf
M _ ap mMP(m) _ ay 2v/Pm
m h(f)= % = g~ P(27f).
c ( ) Hi \/5 o \/g ( )
Parameters spin-0 spin-1 spin-2
o 59712 ~ 3ag 76722 x 1077

mt /(1072%eV) (29735 x 107 |~ 60(1 — VBo) |6.3150 x 1072

—23 . 0.21 +0.02
m /(1072%eV)| 2617077 |~do(1+vBo)| 50870703

Marcenko

=
¥ o 561735 ~ 3ag 6.1131 x 10-7
3| 0i/(1072%eV) 1.0194 ~ o0 16103

[Sun-Yang-Zhang, PRD(2022), “Pulsar Timing Residual induced by Wideband Ultralight Dark Matter” ]
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\\ Summary and Outlook

Black Hole Superradiance & Gravitational waves

GW & WDM

m Superradiance a = ff\_? ~ (%—?) (5=8) 7/_\
m Axion annihilation ¢ + ¢ — h (stochastic GW) W”\*(_\/

Energy transition 9 — ¢~ + h (monochromic) .
m Fast Radio Burst from Axion ~ 9FF (9 — ~7)
m Fast GW burst from Axion ~ 9RR (9 — hh)

Summary

Ultra-light DM and multi band GW detection |
m Tabletop exp: GW burst & Axion clump (~ GHz) i
m LVK & LISA-Taiji: Superradiance (~ mHz - kHz) |
m PTA & SKA : Ultra-light dark matter (~ nHz) ==

Jia

Thanks a lot for your attention!
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