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Motivation

» Standard model I1s not complete

» Dark Matter and Dark Energy B

rl
Jad-Tg

» Neutrino mass R
» Matter-Antimatter asymmetry

» Theoretical Problems

» Strong CP problem
» Hierarchy problem
» Fermion mass hierarchy

» Unification of forces




ence for Dark Matter

YV V VYV VY

Rotation curve

Gravitational lensing
Bullet cluster
Large-scale structure
Anisotropy of CMB



Dark Matter Candidates

» Primordial black holes
» Super heavy particles
» Asymmetric DM

» Hidden sector DM

» Weakly-interacting (WIMP)
» Strongly-interacting (SIMP)
» Axion (ALP), Ultralight DM

» Sterile neutrino

SRS
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WIMP

» Mass ~ 100 GeV
» Coupling constant ~ 0.5
» Relic abundance Q~ 0.3

» Thermal history
1. Equilibrium XX <> ff
2. Equilibrium XX > ff

3. Freeze out

» Cold dark matter
» The&Exp attractive
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WIMP

» Theories: supersymmetry, extra dimensions, -
» Direct, indirect and collider searches

> |mpressive progresses
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Collider search
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Ultralight Dark Matter

» Mass < 1 eV, QCD axion, axion-like-particles, bosonic

» Number density Is very large, behaves as classical wave

(I)(SL') — Z —\’272/]\[ ei(wt—k-x+9v),




Ultralight Dark Matter

» Scalar field ¢

1 1 o) N i(wt—k-Z+0
£= 39000 — gmi” = Cpp O, §(1,8) = e,

» Interaction depending on the underlying theory, e.g.
<ﬁ%mﬂwimw%(H@ﬂ%»wa5=—/W@Vﬂmwwﬂ-

(5513%15,23) _ Mskieimcﬁ(t—vk'f)’/\/ls X gbﬂk"/mé /
> Vector field 4,
1 i 15 i(wt—k-&
L= —EFWFM,,WL SMAA A, —epedp A, Alt,Z) = |Aleae™ ),

6x'(t, &) = /\/lvéféleim“‘(t_”]%'f),/\/lv x eDqu,jVﬂ/mAMj

» DM property
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Physical Effects

» Atomic physics

> Arvanitaki, Huang & Tilburg (2014), Graham, Kaplan, Mardon, Rajendran &
Terrano (2015), Safronova, Budker, DeMille, Kimball, Derevianko & Clark (2018),

» Stadnik (2022), -
> Astrophysical physics

> Pierce, Riles & Zhao (2018), Morisaki & Suyama (2019), Guo, Riles, Yang & Zhao
2019 , Grote & Stadnik (2019),

> An, Huang, Liu & Xue (2021), Chen, Shu, Xue, Yuan & Zhao (2019), Xia, Xu &
Zhou (2020), Sun, Yang & Zhang (2021), Wu, Chen, & Huang (2023),

> Liu, Lou & Ren (2021), Luu, Liu, Ren, Broadhurst, Yang, Wang & Xie (2023), -

» Underground searches
> Dark Matter Experiments, PandaX, XENONNT, -
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Space-based GW Interferometers
> LISA, Taiji, TianQin, DECIGO, BBO, LISAMax, ASTROD-GW, uAres

Earth’s orbit
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Signal Response

» Gravitational wave can change the structure of spacetime, and the
physical distance between objects

L- L+ AL
A - » B
AL < LXh

» One can measure the phase by laser

)
» Response «
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DM spikes

» WIMP DM particles accretion around BH — DM spike
» NFW profile = spiky density profile condolo & silk (1999)
sp \ 9—2
p(T)O(T_7,0§7§2 E} pspike(r):psp(r_rp) y = 7

4—r
» Dynamical friction — Gravitational wave

Extreme-mass-ratio Inspiral (EMRI) x10-22 Zhang, Tang, arXiv:2403.18529
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DM spikes

» WIMP DM particles accretion around BH — DM spike
» NFW profile = spiky density profile condolo & silk (1999)
sp \ 9—2
p(T)O(T_7,0§7§2 E} pspike(r):psp(r_rp) y = 7

4—r
» Dynamical friction — Gravitational wave

Extreme-mass-ratio Inspiral (EMRI)

Li, Tang, Wu, arXiv:2112.14041
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Density Distribution

» Relativistic treatment (Will et al)

(1_

p(r,a — 1) — (’I“/GM)W

Zhang, Tang, arXiv:2403.18529

V/Vimax < 0.6
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Velocity Distribution

» Fitted with Gaussian distribution
f’r‘(v) — 1 exp (_ (U - 1—)(7')) ) ’

2o (r) 202(r)

Fitting of distribution

Zhang, Tang, arXiv:2403.18529
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Effects on EMR]

» Phase shift of the waveform of GW

h(t)

x10~21 Zhang, Tang, arXiv:2403.18529
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Ultralight DM - Signal Response

» DM couples to SM particles, inducing oscillations of test mass,

effectively changing the length Ak L2+ AL U

+—>

+“—>

» One-way Doppler shift

§trs = —fins - [02(t, T,) — 62(t — L, 7,)], ;
51/7‘3 . Vrs — o . _détrs
140 N |4 N dt .

» Fractional frequency change

relt) = 2 = [h(t, ) — Bt — L&), h(t, 7) oc ™ (—0FD) 3
0
r A
k- Tors for scalar field,
Urs = < €q - Mrs for vector field, N

wi i ei;(k, )
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Yu, Yao, Tang, Wu, arXiv: 2307.09197
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Time-Delay Interferometry

» The arm lengths are not equal

» Laser frequency noises dominate

X(t) = [Ayppi1(t) — Aypp2(t)] — [Aypp1 (t — T2) — Ayppe (t — T1)]
= [Hy(t) — Ha(t) +p(t —=T1) —p(t = T3)]
—H (t—-Ty)—Hy(t=T)+p(t—-T)—p(t—Tp)
— H\(t) = Ho(t) = Hy (t = T) + Hy (= T1) .

» Michelson interferometry

X(t) =|Aypp2 (t —T1) + Aypp1(t)]
—[Aypp1 (t — T2) + Ayppa(t)]

» TDI-virtual equal-arm interference
20

Tinto & Dhurandhar
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Time-Delay Interferometry

Otto 2015
= ) »
£1(t) . 7_'1(t)
AI;C u AlI)C 1 ADC
!
phasemeter "
downlink
» |nput for TDI
N = S + i ;Ti' + D v fil ;Ti"l 4+ 5 _272" N ~ Dop3 — p1, 1 ~ D3ps — p1,
e T o — 1 R, N2 ~ Dyip1 — p2, 2 ~ D1ps — pa,
=5 + 7 7 +D'_1 1+1 i+1/ —D‘_l i+1 41/
i = S 2 : 2 : 2 n3 ~ Dypa — p3, N3 ~ Dapy — p3.

» TDI cancels laser frequency noise
21



Time-Delay Interferometry

» There are multiple combinations

» Michelson channels

X(t) = (g9 +Mizar + M3z + M) — (M3.27373 + M1regrz + M2res + M),
Y(t) = (n3.133 + Mo:3sr + Mg’ +027) — (Megrary + Marara + 031 +12),
Z(t) = (mrg1rr +Mar + M +03) — (Moarerz + M3grg + Mz +103).

» Sagnac channels

a(t) = (M2n1722 +N3r2r +010) — (M3:13 + N2:3 +1M1)

B(t) = (Mz.2:37 +Mrgr +n20) — (M:21 + M3:1 +12),

y(t) = (Mi.a717 + Norar +137) — (N2:32 + N2 +13) -

» (¢ channel

C(t) —_ (7’1/:1/ + 772/:2/ + 773/:3/) — (171:1 + n2:2 + ‘]”3:3) . 12" clockwise paths —_— counter-clockwise paths

29 Credit; Otto 2015



Transfer Functions
» Fourier transform h(t) = @/w h(w)e™ dw

)

» One-way single link .. t) = u.. f/ dw w)ei® [e—ié-fr_e—uwfé-fs)]

377"3((“)) = Hrs h(W) [B_Z(k.mT) — 6_7'(7'+k5'$s)j| )

» Transfer function, sky and polarization averaged

ﬂrs(W) ’ 10° |-
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h(w)
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1 2 2w /7 —_—
_ 1 2 GW
IGW 8 D) dCOS@l/ de]_/ d¢ 10—8 L / === Scalar T
// —-— Vector
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Transfer Functions

» Different channels have different transfer functions

» DM Is also different from gravitational wave, velocity effect, -

a
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Sensitivity

» Defined by So(f) = No_(ff) Nx = 16sin®(7) {[3 + c0s(27)] Suce + Soms}, T = 2 f L

2 —3 4 LI AZ oms:]- 1 —12 oo = 1 —15 2
Soms(f):<soms?> [1+<wf}12) L SA: s 5x 107" m,s 3x 107 m/s?,

Taiji : Soms =8 X 107 m, S4ec = 3 x 107° m/s’,

g (e \7 |, (04 % 1070 He 2 ; f 11
wN=\5e7e) 1T\ T 8x10° 1) | B2 TianQin: spyms =1 %1072 m, 54, = 1 x 107 m/s%.
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Sensitivity

» Optimal channels 4=

Scalar field

\HZ X],E =

1
V6

10710 - ——=- X
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Sensitivity on scalar DM

> Strong sector sc= -2 |- Whpd pae S (d, 4+ dy) midits

P 293 M ] Damour & Donoghue

i=u,d

Qg I By, T,

din = ) 1071}
mg + my, :
d: =~ dy +0.093(ds — dy). 10,
assuming d,, = 0 and d} ~ 0.9d,. 10'3% \/ /f
. L 1074, |
» Equivalence principle p
IS violated. o= o
S\ e Tianin
> I\/”CROSCOPE 10_65' ----- EP test
: ——-fifth force

10.—18 10‘—17 10‘—16 10.—15 10.—14 10‘—13 10‘—12
m(eV)

27 Yu, Yao, Tang, Wu, arXiv: 2307.09197



Sensitivity on vector DM

» For example, vector fields couple to baryon number B, or B-L,
effectively neutron number. Sensitivity on ratio ep =ep/e

=22
10 ././
l’ ./
. i /'/
10-0| A s G "
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o
w
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106 — LISA
—— Taiji
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=21
e L N . L, - E-W test
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10—28 ) ) ) ) ) ) ) )
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Statistical Effects

> Velocity distributions, likelihood analysis

No <1na 1) 7=/ dP Lgoch (J‘So(Amin),NO),detection probability

In o
SO()\min) = (m - ]-) NO: )‘Iznin = FOSCI) Py (a)

o= / dP Lgoch (P)A =0, NO) . false alarm rate
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Correlation

» Network of detectors

7ab(f7 ’U) = /d]% Xab(fal;'lvv)a )‘?nin =
» Correlation length is larger

2I'x S

1
(na_l).
In 7y

1.0
> Sensitivity is enhanced by ol
Vln =172 cosf
» Different from SGWB searches\go.zxf-  vion
which has VT enhancement. 2! e
> How to distinguish. WOf e
1074 10~3 10~2 1071 10°

30
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Detecting Ultralight Dark Matter Gravitationally

» Metric perturbation in solar system
d82 = —(]_ s 2\I/)dt2 + (1 = 2(13)5”d$2d333 == hwd:vzdaﬂ

» EInstein equations
6,-6‘?1) - 41TGTO(),

30 + 9,0'(V — ®) = 4nG TF,
}.l,;j = 167G (TzJ - %6!JTLR) )

, . ~26 ~18 -
\Il]g(I)J:‘;rG%=7X1O p3(10 eV) ’
m=  0.4GeV/cm

~25 10~ 18V 2
Iz:;-o(hozg'irG%=2xw pﬂ‘( e) ,
3 m* 04GeV/em m
hs. =~ hgv?/2

ij

» Tensor perturbation for scalar and

m

tensor ULDM Is suppressed.
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Detecting Ultralight Dark Matter Gravitationally

» Metric perturbation in solar system
d82 = —(1 =+ 2\If)dt2 + (1 = 2<I>)5md:c’d:v7 == hwdaz’daﬂ

: 1013
5 | —— LISA == BBO — Astrometry LISAmax
1016 F b
= Taiji == DECIGO Scalar i Esk BBO —— ASTROD-GW veCtor
] t — Tiangin == jiAres 107 f--- DECIGO == piAres :
104 f— LiSAmsx ~ —-- EPM2011(Earth) — A - EPM2011 (Earth) | .'.\
j — ASTROD-GW ~ — EPM2011(Saturn) 109 p— Taij — EPM2011(Saturn) I /-I
1012 l_ GRACE-FO — Tiangin || .
o ! o 107 (! } :
& 1010 r % n
S 10° f
108
: AN 10°
0 g bl
. '\,\.\.\ o Y \ 101 r
104 P
F e e 10—1 RS MR ) M B M WU B 1 A s
1< 10718 i 1074 1072 1078 10719 1M 10!

m (eV) m{eV)
32 Yu, Cao, Tang, Wu, arXiv:2404.04333



Detecting Ultralight Dark Matter Gravitationally

» Metric perturbation in solar system

d82 = —(1 = 2\I/)dt2 + (1 = 2(1))5de2de == hwdx’daﬂ

» Different channels have different sensitivities

scalar field vector field
l“l‘ o =2 » . 3 . E = ; :
r X,Y,Z ] 10" f Kol 1
1012 ! A ! g A :
i E 1 I |
] ! 10 r 1
=101 | g i 1 _ | w— T :
- 3 3 - L
< | Sl
~ 108 !. = 10 r 1
! i : i
10° § ; : :
i[ 1! 10" | :
10" f : ; l
_'21. s .A.,...i.z“. —t ......1_19. — “m‘il.\" P .,....:“_. a— “‘“‘_I(; 1(]_l .‘) * vl — i3] — TP <l ““‘I )
10 10 10 !U 10 10 l()—_l “)—-(l l()—ll l()—lb H)—l‘
m (eV) m(eV)
Yu, Cao, Tang, Wu, arXiv:2404.04333
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Summary

» We discuss how gravitational-wave detectors In space may
help to understand the nature of dark matter
» Weakly interacting massive particles

» can form spikes around black holes and affect the orbiting compact
objects, Imprinting on the waveform of GW

> Relativistic effect, velocity distribution, -
» Ultralight bosonic, wave like

» can couple to normal matter and induce the oscillation of test masses,
leading to signals in detectors and very good sensitivities.

» Metric perturbation by vector ULDM may be detectable in future.
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