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What is DM?

What is the microscopic nature of DM?
No expected signals at LHC and DM direct search.

QCD axion WDM limit unitarity limit
1022 eV e keV GeV  100Tev My, 10 M
| | | |
I 'I' I | | IR

Focus on “"Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) ,
non-thermal dark sectors black holes

bosonic fields sterile v arXiv: 1904:07915

can be thermal

How to detect DM ?

This situation may point us towards ultralight DM
with new approaches, such as

radio telescope (SKA/FAST...)
& GW detector (LISA/TianQin/Taiji...)



What is GW?

General relativity
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The quadruple nature of GW !

EM wave GW
radiation radiation
& — ei" d — Z mA:L'A =p=~0
particles A

momentum conservation
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Radio telescope and pulsar timing array

FAST

Big Announcement June 29t
NANOGrav, EPTAGW,
InPTA, Parkes PTA, CPTA
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Ultralight axion DM

Ultralight axion 1s a promising DM candidate.

(particle physics)

Strong CP problem

dark matter

(cosmology)

Axion

ALP

(fundamental theory)

string theory

superradiance

?

(general relativity)



Radio signals of DM from neutron star

We firstly study using SKA-like experiments to explore
resonant conversion of axion cold DM to radio signal from

magnetized sources, such as neutron star/magnetar/pulsar.
FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001, arXiv:1803.08230

Three key points:

>Cold DM: non-relativistic axion or ALP

>Neutron star/pulsar/magnetar has the strongest
position-dependent magnetic field

>Neutron star is covered by magnetosphere and
photon becomes massive therein



* Axion cold dark matter

Axion — Photon

FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001



Axion-photon conversion in the magnetosphere

|
L. = ZQFWFW“ = —gKE - Ba,

Massive Photon: In the magnetosphere of the neutron
star, photon obtains etfective mass in the plasma.

2 2 _ Ne
M5, = Woigsma = 47T()éme
[ become
1S B(r) 1 massive
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Thus, the photon mass is location 5 -
dependent, and within some region "1, (I’ res) — m

Radio
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e G. Raffelt and L. Stodolsky, Phys. Rev.D 37,1237
(1988)



The Adiabatic Resonant Conversion

OF AXIONS INTO PHOTONS
Like MSW etfects
o+ 2 4 (—mi ng)_ <y> ~0
i gBw -m%/)]\a
2gBw

sin 20 =

2 — a2
\/492B20)2 + (m; —m3)* My (Fres) = mg

within resonance region, the conversion rate is greatly
enhanced due to resonant effects.

The adiabatic resonant conversion requires the resonance

region is valid inside the resonance width.



Line-like radio signal for non-relativistic axion:

m m
Vpeak ~ — ~ 240——MHz 1 GHz ~ 4 peVvV
27 ueV

FAST:70MHz-3GHz, SKA:50MHz-14GHz, GBT:0.3-100GHz
Radio telescopes can probe axion mass of 0.2—400 peV

Signal: For a trial parameter set, B,=10" G, m, = 50 yeV

P =10 S, g = 5 % 10_11 GeV_l, o = 10 km9 M = I’SMSUII’ d — ].kpc

S~0.51 uly.

Sensitivity: Smin ~ 0.48uJy for the SKAI

Smin ~ 0.016uJy for SKA2 with 100 hours observation time.
SKA-like experiment can probe the axion DM and the axion

mass which corresponds to peak frequency.
Working in progress on more delicate study.



Comments on the radio probe of axion DM

1. Astrophysical uncertainty: magnetic field distribution,
DM density distribution, the velocity dispersion, the

plasma eftfects...
working in progress to extract DM density by TianQin/L1SA

2. There are more and more detailed studies after our
simple estimation on the radio signal:

arXiv:1804.03145 They consider more details and extremely high dark matter density
around the neutron star, thus the signal is more stronger.

arXiv:1811.01020 by Benjamin R. Safdi, Zhiquan Sun, Alexander Y. Chen

arXiv:1905.04686,They consider multi-messenger of axion DM detection. Namely, using
LISA to detect the DM density around the neutron star, which can determine the radio

strength detected by SKA.
Precise study see arXiv:2104.08290

Xiao-Jun Bi, et. al. Phys.Rev.D 104 (2021) 10, 103015, Phys.Rev.D 103 (2021) 11, 115021



New approaches for axion search

FPH, K. Kadota, T. Sekiguchi, H. Tashiro, Phys.Rev. D97 (2018) no.12, 123001,
arXiv:1803.08230, Cited by 83 times

o Promising approaches at SKA&FAST
o more and more nice works

o more details see the timely new review papers

v Physics Briefing Book :

Input for the European Strategy for Particle Physics Update 2020, [arXiv:1910.11775]
v' 2021 white paper by EuCAPT [arXiv:2110.10074]

v Pierre Sikivie, Rev.Mod.Phys.93(2021)1,015004,

v' 2022 Snowmass papers: [arXiv:2203.06380, arXiv: 2203.07984]



N\agnetOSphere

Magnetic
field

Axions could condense to axion star and resonantly convert to FRBs.
Y

Z

James Buckley, Bhupal Dev, Francesc Ferrer, FPH, Phys.Rev.D 103 (2021) 4, 043015



Mysterious Fast Radio Bursts (FRBs)

Recently, FRBs become the most mysterious phenomenon in
astrophysics and cosmology(D. Thornton, et al., (2013) Science, 341, 53).
FRBs are intense, transient radio signals with large dispersion
measure. However, their origin and physical nature are still obscure.

0(0.1) to O(100) Jy
O(10%%) to O(10%°) erg

Duration: milliseconds

0.1 < 2 < 2.2

Focus on FRBs events with from 800
MHz to 1.4 GHz by Parkes, ASKAP,
and UTMOST.

Credit: Universe Today



Generalize to dark photon DM case

Recently, people realize light dark photon can be a
promising DM candidate.

P. W. Graham, J. Mardon, and S. Rajendran, Phys. Rev. D 93, 103520 (2016).
AJ.Long and L.-T. Wang, Phys. Rev. D 99, 063529 (2019)
B. G. Alonso-Alvarez, T. Hugle, and J. Jaeckel, J. Cosmol. Astropart. Phys. 02 (2020) 014.

C. K. Nakayama, J. Cosmol. Astropart. Phys. 10 (2019) 019.

P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, and F. Takahashi, Phys. Lett. B 801, 135136 (2020).
R.T. Co, A. Pierce, Z. Zhang, and Y. Zhao, Phys. Rev. D 99, 075002 (2019).

D. Y. Nakai, R. Namba, and Z. Wang, J. High Energy Phys. 12 (2020) 170

We study how to detect light dark photon DM by radio telescope,
following the same idea as the axion DM case.
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Resonant conversion process

.Haipeng An, FPH, Jia Liu, Wei Xue, Phy. Rev. Lett.126, 181102 (2021)




The sensitivity reach

Haipeng An, FPH, Jia Liu, Wei Xue, Phy. Rev. Lett.126, 181102 (2021)
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What is superradiance?

When Klein meets Kerr superradiance
Ad% (Aé—f) + [wQ (r2 + a2)2 — daMrmw
+a*m? — A (m2r? + a*w? + \)| R =0

particle R

particle P

Outgoing wave

QH /
@ ¢ o exp(ime — iwt)

/ Penrose '71
w < mQy Zel'dovich '72

Incoming wave Starobinsky '73

== particle Q

\ ’
\_ ergoregion -

Exponential growth solution of Klein-Gordon equation due
to the boundary condition at the horizon of Kerr BH.

Ultralight axion can form axion cloud around rotating BH.
Resemble hydrogen atom, gravitational atom

oa=Mpgm, <1

Credit: Baumann



GW of ultralight DM from black hole:
osravitational atom from superradiance

1. Axions can annihilate to GW
2. Energy-level transition of gravi}a&en}kafee\m

axion cloud
Jing Yang, FPH arXiv:2306.12375
Jing Yang, Ning Xie, FPH arXiv:2306.17113
Ning Xie, FPH arXiv:2207.11145

gravitational atom



GW of ultralight DM from black hole

Axions can annihilate to GW

A. Arvanitaki and S. Dubovsky, Phys. Rev. D 83, 044026 (2011)

R. Brito, V. Cardoso and P. Pani, Class. Quant. Grav. 32, no.13, 134001 (2015)
H. Yoshino and H. Kodama, PTEP 2014, 043E02 (2014)

Jing Yang, FPH, arXiv:2306.12375

gravitational atom

axion cloud



Microscopic physics
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GW radiation power from axion annihilation

— Scattering amplitude method 1.
—st
= Numerical result from Brito 0.98 \
DIy —10F Analytical result from Arvanitaki 0.96 k
E@ = Analytical result from Brito j 0.94 k
= 12} S| — J = 0.05GM?
= & 092}
— _ 2
= ul J = 0.10GM;
0.9F
J = 0.15G M}
GMZa(l — a?/8) 0.88 F
~16 J=4—>D —
. . 1+ 4@2(1 _ a2/8)2 . J = O.QOGMbQ
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(8 (0
a = GMbma Mb = 10Ol\/Isun Ma = Msun Jlng Yang, FPH, arxi1v:2306.12375

v monochromatic GW signal Wann ~ 2 Mg
v" gradually depletion of axion cloud (DC) and
effectively reduce gravitational atom mass



GW radiation power from axion annihilation

1.2
115k — Analytic Approximation
1 Further Approximation
=
= 1.05 . .
~ Jing Yang, FPH, arXiv:2306.12375
1. F
0.95
J = 0.1GM;
09 L L 1L
0. 0.05 0.1 0.15 0.2

8

(M,/GeV)2at?
(M,/GeV)6(2 4+ a?)1(4 4 a?)
+ 1.474 x 10%a* + 2.361 x 10%a®) + J(M,/GeV)?a(—3.839 x 10%°

P =

1 [(Mb/GeV)4(9.671 % 104! + 5.577 x 10%2a2

— —2.111 x 10®a? — 5.329 x 10¥a* — 8.165 x 10%'a®) + J2a*(3.809 x 10*'®
+ 2.184 x 10202 + 5.799 x 10"%a* + 9.450 x 10119a6)] GeV?2.

v monochromatic GW signal Wann ~ 2 Mg
v" gradually depletion of axion cloud (DC) and
effectively reduce gravitational atom mass



Advantage for scattering amplitude method

v Simple and straightforward.

v Easy to include Kerr metric effects.

v Microscopic physics is intuitive.

v' 1t is clearly and simple to demonstrate the
analytic approximation formulae.

Important for the GW and axion search. More
precise calculations and more broad applications
are working 1n progress.

Jing Yang, FPH, arXiv:2306.12375



Multi-messenger from NS-BH binary

Imprints of ultralight axions on the GW
of compact binary

Ultralight DM could potential modify the GW waveform of
compact binary

Inspiral: dynamical friction, superradiance, dipole radiation...

Ning Xie, FPH, arX1v:2207.11145

Merge: modity the equation of state of the quark/gluon
plasma in neutron state, tidal effects



Imprints of ultralight axions on the GW
of compact binary
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Ning Xie, FPH, arX1v:2207.11145



Imprints of ultralight axions on the GW
of compact binary

Without ultralight axions

32
dEO _ 7= .24 6
0 = Pew Pcow = HTW
L
With ultralight axions
dE

= (Paw + Por + Ppr)

dynamical friction (DF), depletion of axion cloud (DC), dipole radiation(DR)

Ning Xie, FPH, arXiv:2207.11145
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dynamical friction (DF), depletion of axion cloud (DC), dipole radiation(DR)




Imprints of ultralight axions

on the GW of compact binary:
phase shift of the waveform

dr ( Mmns

at 272

m fT A .
A¢ ~ 1om (10—12 eV> (10—2 Hz) (5 yrs>

Ning Xie, FPH, arXiv:2207.11145
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Complementary search: GW+PTA

Mgn Mg
[ L
_ —— Critical Value
14j Threshold Value _

12
10_ axion effect detectable region

integration time 1s 5 years -
for TianQin and LISA: GW measurement

| | |

T e
Mg |eV]
Axions modify the rate of Future Pulsar timing measurement
period change precision, such as SKA

AP =|P - P,..| ~ 10712 S/s 10_15 S/S




Implication of nano-Hertz stochastic
GW on ultralight axion particles

ASTROPHYSICAL JOURNAL LETTERS, 951:L11 (56pp), 2023 July 1
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Implication of nano-Hertz stochastic
GW on ultralight axion particles
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Jing Yang, Ning Xie, FPH, arXiv:2306.17113



The radiation power of the
1solated gravitational atom

/____ A sziazma
: s 72
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Jing Yang, Ning Xie, FPH, arXiv:2306.17113



The stochastic GW with
cosmic black hole population
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Jing Yang, Ning Xie, FPH, arXiv:2306.17113



Implication of nano-Hertz stochastic
GW on ultralight axion
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Jing Yang, Ning Xie, FPH, arXiv:2306.17113



Summary and outlook
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GW from black hole and neutron star

might provide new approaches to explore ultralight
axion: multi-messenger and multi-band.

Thanks for your attention

Comments & collaborations are welcome huangfp8@sysu.edu.cn



