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ence for Dark Matter

Millehium simulation
T "

» Rotation curve

» Gravitational lensing
> Bullet cluster

> Large-scale structure
> Anisotropy of CMB



Evidence for Dark Matter

Millehium simulation
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Weakly Interacting Massive Particle (WIMP)

» Theories: supersymmetry, extra dimensions,

» Direct, indirect and collider searches

» Impressive progress

Collider search

SI WIMP-nucleon cross-section [cm?]
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More Motivations

» Standard model 1s not complete
» Dark Matter and Dark Energy c |
» Neutrino mass 7 ¥ K
> Matter-Antimatter asymmetry
» Theoretical Problems

» Strong CP problem

» Hierarchy problem

» Fermion mass hierarchy

> Unification of forces




Dark Matter Candidates

» Primordial black holes » Weakly-interacting (WIMP)
> Super heavy particles > Strongly-interacting (SIMP)
» Asymmetric DM > Sterile neutrino
» Hidden sector DM > Ultralight DM, Axion (ALP),
) ARRIE Dark photon, dilaton etc

| Wave-like | Particle-like | Macroscopic I

I ] 1 —>DM Mass

1022V eV 1019 GeV 1035 g

ULDM < 1eV || WIMP ~ 102 - 10> GeV

Since we do not know what DM is, we may explore as much as we can!
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GW Laser Interferometers in Space
> LISA, Taiji, TianQin, LISAmax, Astrod-GW, pAres, DECIGO, BBO,:

LISA
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TianQin 10°km
Binary Supermassive Black V/3x 10° km N
Holes in galactic nuclei < b
o AT X I SRR F SR ML IR S s .
O Compact Binaries in our ‘ N
’5& Galaxy & beyond s x:"’(;'e'km
Q /gX
wv Compact objects par.
“ 2 aa . <) By peil !
ARFrE RIS B R captured by Rotating NS, *P-F-%L d AN G N 200
Superm:s?we Black Supernovae AT s \o e B ,’jgoo
Sy At oles g o i
o Praiisisciir . s
‘J;;,?e ;;f;od age of e e 7 =u
universe years hours sec ms 120°
3 E | | | SR .. DECIGO
log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0 +2 \
pa BT il S P
Cosmic microwave | Space Terrestrial w0 -FH 14 .
background Interferometers interferometers -

yRsmas polarization

Detectors

- L \ J
A, ' 3



Signal Response

> Gravitational wave can change the structure of spacetime, and the

physical distan

ce between objects
L-L+AL
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» One can measure the length/phase by laser
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GW sources and waveforms
LISA, 2402.07571
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GW sources and waveforms
LISA, 2402.07571
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Main Noises

» Laser frequency noise

> The laser is not perfectly monochromatic, its frequency fluctuates.

» Need dedicated data analysis - Time-Delay Interferometry

» Secondary noises

> Acceleration noise of test mass, Sqgee~10"°m/s

» Residual charges, self-gravity, -

> Optical metrology noise, syms~10"1?m

» Shot noise, relative intensity noise,

2

LISA Taji  Tangn = BBO  DECIGO
L (10° m) 2.5 3 0.17 0.05 1x 1073
... (10715 %) 3 3 1 3x102 4x10™
Soms (1072 ) 15 8 1 14x10°  2x107 Barke 2015



Time-Delay Interferometry

Review by Tinto & Dhurandhar 2021

> There are multiple combinations

» Michelson channels

X(t) = (m322r +Muzer + M3z + M) — (M3.2r373 + Nregrz + 23 +11),
Y(t) = (M3.138 + Moz + Mgt +02) = (Megrarn + Morry + 0301 +02),
Z(t) = (M1 + M1 +M2ar +13) — (Mparra + N3rara + M2 +13).

» Sagnac channels

a(t) = (manarer + 39 +117) — (M3:18 + M2:3 +11)

B(t) = (n3norsr + Mg +n27) — (N:21 + M3:1 +712) ,

¥(t) = (a1 + Morar +130) — (P2:32 + M2 +13) .

» (¢ channel

C(t) — (’]71,:1! + 772/:2! + 773/:3!) . (771:1 + 772:2 + T’3:3) B . clockwise paths — counter-clockwise paths

Credit: Otto 2015
15



Time-Delay Interferometry
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Sensitivity on GW

Gravitational wave

» General 1015
: 2307.09197 ---- LISA
» Arm length _\.\ —— Taiji |
: -16 | ° —-—- TianQin |
> Noise level 1075 A ]
> Duration
’T\\l 101/ 3
> TDI g :
iy

» Particular —
> Direction
> Frequency 10794

> Waveform _
10—20 3

1074
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Possible Effects from Dark Matter

» Direct - Interact with the detector directly

> Induce additional motion of test mass

L- L+ AL
A - " B

» Change the size of test mass, etc

» Modify the propagation of laser light
Refs. Pierce, Riles & Zhao 2018, Grote & Stadnik 2019, Morisaki & Suyama 2019, ......

> Indirect - Affect the messengers that interact with the detector

x10—22

L

» Modify the GW from astrophysical sources

TR
TEET
ey

» Cosmological phase transition

» As new GW sources, PBHSs, -

Refs. Eda, Itoh, Kuroyanagi & Silk 2013, Yue, Han, Chen 2017,-21 }
Bertone et al 2020, Cardoso et al 2022, Gong et a|, ......
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Possible Effects from Dark Matter

> Direct - Interact with the detector directly

> Induce additional motion of test mass

L- L+ AL
A - " B

» Change the size of test mass, etc

» Modify the propagation of laser light
Refs. Pierce, Riles & Zhao 2018, Grote & Stadnik 2019, Morisaki & Suyama 2019, ......

> Indirect - Affect the messengers that interact with the detector

x10—22

» Modify the GW from astrophysical sources | WL
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Ultralight/Wave Dark Matter
> Mass < 1 eV, QCD axion, ALP, Dark Photon, -

» A phenomenological approach

1 1 )
» Scalar £= §au¢au¢ - §m§>¢2 - CM—POSMa

> Light dilaton, sc = -2~ |- 25 54 pae = S (4, + ,dy) mithits
J Mp | 295 " gu:,d ’ Damour & Donoghue 2010
> ALP, - %aF,,F*,

1 1
» Vector £ = S aer §rre,m’cq,, — epeJbhA,,

> Baryon number, B-L, Dark U(1), -

» Production Mechanism — viable DM candidate

scalar: misalignment, -
vector: Graham, Mardon & Rajendran 2015, Ema, Nakayama &Tang 2019, Kolb & Long 2024

20 Fi&7, Tang & Wu 2023, -+



Wave Dark Matter Background

Foster, Rodd, Safdi 2018
» Number density is very large, behaves as classical wave

(I)($) vV erPrsy 2p/N z(wt k-x-+60y ) k m’U w = 27Tf m, v~ 10~ 3
Z m
f~24x (—_17 ) mHz
at a specific point ~ monochromatlc within 7. 10~"eV

2 1017 A 10~17eV
)\c:—ﬂml.24x1011x ( 0 ev)km, T, = <~ 4 x 10% x (—)s,

muv m m

3D snapshot 2D snapshot at some point

w7

/(v/p/m)

Y/ Ae
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2 0
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Physical Effects

> Plane wave within 7., ¢ (t,Z) = ¢rei@tFa+00),

1 1 ¢
» Scalar ¢, £ = 58‘%8,@ — §mfb¢2 — CM—POSMa

> |nteraction depending on the underlying theory, e.g. ) /

CMi;mﬂw = My — (1 + CMiP> My, S = —/m(cb)\/—mudﬂ’i“dﬂ?”- / |

» Additional gradient or force
63 (t, ) = MJ'e™o U= M o gl k| fm
1 1 = S
» Vector L= _ZFWFW e §m,24AVAy —epeJhA,, At T) = |Alése' @5

ox'(t, %) = /\/lvéféleim“‘(t_”l%'f),/\/lv X eDqu,j]A)\/mAMj

> Axion — |laser propagation
22




Ultralight/Wave DM - Signhal Response

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

effectively changing the length el L L+AL {e
» One-way Doppler shift — Pt
§tys = —fps - [0F(t, ;) — OZ(t — L, )], y
51/.,.3 i Vrs — - _détrs
Vg F g . dt

» Fractional frequency change

ro(®) = 22— iy (0, 7) — B — L), h(t, 7) oc SmEED 3
Mo
r A
k- Tors for scalar field,
Lrg = { €A Thrs for vector field, y

ﬁi’sﬁiseij (]%7 ,(p)
23 ( 2(1 + fiys - k)

for gravitational wave,

Yu, HEEREZE, Tang, Wu, 2307.09197



Transfer Functions

» Signal response In frequency domain h(t) =

3

h(w)ei‘*’tdw

" . t k — . g —
o \ W —ik-%,  _—i(T+k-Zs)
» One-way single link  yrs(t) = prs o~ /0 dw h(w)e [e e } :

Grs(w) = pirs Blw) [eF2) — =iriRE)| 7 = 2 f I

» Transfer function, sky and polarization averaged

- 2
rs\W .
O = yﬁ(( )) ,  normalized
w
1 1 2w
s = — dcos91/ dey - -+,
am J 4 0

1 2m 27
Ivzm/ldcos&/ del/ dcosﬁg/ deg -+,

1 1 2 2m
Iow = — dcos91/ del/ diy - -
82
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Transfer Functions

» Different channels have different transfer functions

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

a
100 L
10—2 L
_4 B
g 10
10—6_
-8 / — GW
1T --— Scalar |
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Sensitivity — Michelson Interferometer

> Defined by So(f) = gz—gffi, Nx = 16sin2(7) {[3 + c08(27)] Suce + Soms}, T = 27 fL

| - 4 LISA: Soms = 15 x 10_12 m, Sgee = 3 X 10_15 m 527
S () = (some 21 [1 ()] |

Hz’
2 =8 2
Sace (f) = <—2?fc) ll+ (——0’4 it 1}? HZ) ]

Ta‘IJl : Soms = 8 X 10_12 m, Sgee = X 10_15 m/s2,

f o
Ak (8 x 10-3 Hz) 1 2. TianQin: Syms =1 X 1072 m, S4ee = 1 X 107"° m/s?.

m/eV
o = = = - -18 -17 -16 -15 -14
10. 0 10‘ 4 1ol16 101 1 10.“ 10' 10, 10‘ 10' 10' 105
. scalar ULDM  ——usa | N vector ULDM - LS gravitational wave - LsA
\\ — Tuij \ — Tiiji 1081 — Tiiji |
\'\ == TianQin

1 @ 10—17 L

10—18 L

—
|

—

o]

<107}

vVShr (L/VHZ)
vVSn (1/

10-19 L
10—19 L

10-20.
T T T N T = B = BT

0T 10 10!

f/Hz
20 Yu, WkERIE, Tang, Wu, 2307.09197



Sensitivity — Other Interferometers

Prince, Tinto, Larson & Armstrong
! X +Y + 7] i_i‘FL‘FL
7 .

» Optimal channels A—f[z X], B = \/E[X—2Y+Z],T:

Scalar field Vector field

& 5 5 .5

10—14 3
10_15 3 ‘\“'\
f-\ 10—16 L

T
S 1077 ¢

|$10 18 |

10719 ¢

10—20 L

" 2 " 1021 . : i
104 103 102 101 10° 104 103 10-2 1071 10°
f(Hz) f(Hz)

6 | = IGW
— == Scalar

| —— Vector

SxIS,
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Sensitivity on scalar DM

o ¢ d963 A pApv /y
5L = i | "0 FAF > (dm, + Ymidg) mithit;

i=u,d

» Strong sector

Damour & Donoghue

1071:
> At nucleus level, |

coupling is not « mass |

> Equivalence principle 7

IS violated. 6’10—4%
> MICROSCOPE 10| —
(VPR - W . SP— —— Taii
> Pulsars 106 — TianQin
S e 2 e EP test
Shao, Wex, Kramer 2019 ——- fifth force

1% 1077 10® 105 10% 1008 10°%
m(eV)
28 Yu, WEERIZE, Tang, Wu, 2307.09197




Statistical Effects

> Velocity distributions, likelihood analysis

] N, Ino 7y =] dP Lgiocn (d|So(Main), No ) , detection probability
SO()‘min) - (% - 1) NO: )\?nin = Fogcp (— _ 1) ’ Pi(a) t ( ‘ )

a= f dP Letoch (P’)\ — O,NO) . false alarm rate

m(eV) ‘ ) Py
10716 1071‘)

100 g e e R—— — 1072 gy

W T T T T

107%¢

v/ 1

E B \:‘\ - _____.__.-/f

—6 * c= : -

] 1077 ‘:Efjj?{ MICROSCOPE 3

E - Taiji ]

1077 e S el L 10-7 T B I AT B TTT B A T BT SR T B A T
1074 1073 102 101 109 1p-19 1018 10-17 1018 10-18 10~ 14 10-13

30 WEERKE, Tang, 2404.01494(PRD)



t]

Sensitivity on vector DM

» For example, vector fields couple to baryon number B, or B-1,

effectively neutron number. Sensitivity on ratio €ep =ep/e

2 g
10_ ’/' ‘/
/’ /./
/'/
| L T ——————————— T i
10~%
10—25
10_25 — LISA
—— Taij
— TianQin
27
= N o == E-W test
——- MICROSCOPE
-28
1 10'-19 10'—18 10'—17 10'-16 10'—15 10'—14 10'-13 10'-12
m(eV)

31

€ —L|

1022 /'
o
103 # ¥
8 1 1L S /./,/
10-2 \_ \ J l gk .L—-""/

— LISA
107 V — Taij
— TianQin
10-27 \—J """ E-W test
~-- MICROSCOPE
10 10% 107 10 108 10% 108 1072
m(eV)

Yu, BEERIE, Tang, Wu, 2307.09197



Correlation

» Network of detectors

vwlfy0) = / dk X (f, B, 0), A

2

N Ina _q
min 21_‘)(5@ 111’7 '
> Correlation length is larger e
> Sensitivity Is enhanced by /n

0.8 ; \
» Different from SGWB searchesﬁ 06!
which has VT enhancement.

50.4; \
» How to distinguish them. 02}
> Anisotropy and TDI O

32

AYVAY

\‘ [I \l’ \I\I\]\\

o ! Lo a gl
1074

PPANS Wy\m-non—vw\"”m;
1 MR |
10—3

0T 100
f(Hz)
WKERIE, Tang, 2404.01494(PRD)



Sensitivity on Axion-Photon Coupling

» Axion-photon coupling
1 1 L 29 Yoy

v 2 v
L= —ZF“,,F“ + §8pa8“a. —gma == 2 F,, F*,
> Modifies Maxwell's egs V-E=—-g,Va-B
OF 0 2
& ~VxB= ga7(8$ B+Va><E) (%—vz‘) = ga,aV X B.

Dispersion relation for two polarizations, w? — k* = 4g,,ak Birefringence

» Axion dark matter background affects the phase speed

of laser with different polarization, v, — % ~14 g;;a

> Equivalent phase changes Melissinos 2009,
Might be detected by LISA and Talji detectors, etc ﬁigiﬁﬁoﬁ olenie
Need modifications B‘E‘{X@%ﬁf??“

33



Sensitivity on Axion-Photon Coupling

t

> Signal response L=/ dtvi=ATiig%[a(t)—a(t—ATi)],

t— AT
> Equivalent phase changes
~ Yay —alt —
ATy ~ LF o la(t) — a(t — L)].
d (ATi) imgm _
(1) = — — 4 —a(t—L)],
rs(?) dt 2w a(t) = al ) 1/4-wave plate

> Linearly polarized — pol angle

1| e (t—ATY) 1 eiw(t—AT_ )
E.(t) = + :

1/2-wave plate

a(t) —a(t—L)]
2

E, = —sin [gm alt) = ;(t - L) cos[w(t — L)]

cos[w(t — L)]

> Need modificationé

34 WEERAZ, Jiang, YT, 2410.22072



Sensitivity on Axion-Photon Coupling

> Signal response

> Equivalent phase changes

AT:E ~ [ 1
2w
d (AT 1Mgq
frs(t) = = (dt 2 -4 2
> Linearly polarized — pol angle

1 w(t—ATY)
1

a(t) —a(t—L)]

Exz—{—cos[ga., 5
. a(t —at—L:
E, = —sin [gm ®) 2( )

> Need modificationé

35

—1

2

1 ] eiw(t—AT_)

cos|w(t — L)]

cos[w(t — L)]

99y [14(¢) — a(t — L)].

la(t) —a(t — L)],

Do

splitter > | /14(%)

Beam
splitter Beam
|LASER —
® |
A;
Mirror

(® Polarized (® I O

beam splitter Cq

7

towards

Gue, Hees, Wolf, 2410.17763



Sensitivity on Axion-Photon Coupling

Mass (eV)
10—19 10—18 10—17 10—16 10—15 10—14

108

1079
T
% 10—10
S
§ 101
&
g, 10712 E
= £
8 C
o 10—13 3
(@) =
E i
8, 10—14 -
g - —— LISA
B 10715 —— Taiji

- —— BBO
1016 = —— TianQin
E Lo il Ll Ll Ll Lol L1
107° 1074 10-3 1072 107! 10V

Yao, Jiang, YT,
2410.22072, Oct 29, 2024

Gue, Hees, Wolf,

d} 2410.17763, Oct 23, 2024

Yao, Bi, Yin, Huang, 2504.10083
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Orbital Modulation

h(ts —k- XS) _ h(t —k- Xr) : Tlpgy yrs(t) D gﬁrs ' [A(taxr) o A(ts’xs)] !

> Spectral SPIT 4rs(®) D iy -

201 — k- i,y
induced test mass motion heliocentric orbit
time series
ULDM
5 GWs or ULDM?
—>
S
v
& . _
— 1 I GWs
o |‘ (I
s | | | |
@) ||
=9 J\ ] ||| nl
‘ A f\ Ao l'x\/\. W |L'W \rdl l«w"k__m__
ULDM background frequency spectral harmonics

37 WkEK ¥& et al 2508.14655



Orbital Modulation

ht,—k-x,)—h(t—k-x,)
2(1_E'ﬁ’rs)

> Spectral split yrs(t) > f, : s Yrs(t) D Gns - [A(L %) = Alt, X)),

X(t) = (y13 + y31.2 + Y12,22 + Y21,322) — (Y12 + Y21.3 + Y1333 + Y31.233)
> We adopt the Keplerian orbit

1
z;(t) = rocosa+ 26T [cos(2a — B;) — 3 cos B3] e is the orbital eccentricity,

+ %627"@[3 cos(3a — 26;) — 10cosa — 5cos(a — 28;)], o = 2w f,t + K

yi(t) = rosina + %e"b [sin(2a — ;) — 3sin 5] fm =1/yr, B =2m(i—1)/3+A
+ %ezfre [3sin(3a — 25;) — 10sin & + 5sin(a — 28;)],
2;(t) = —V/3erg cos(a — ;)

+V3e’rg [cos2 (@ — ;) + 2sin’ (o — ,83)} : (A1)

33



Orbital Modulation

> Spectral Split w(t) >y, : ek (f)k ’;“)‘ ) s thalt) 2 g (AL ) — Altyx,)]

X(t) = (y13 + y31.2 + Y12,22 + Y21,322) — (Y12 + Y21.3 + Y1333 + Y31.233)
» For GWs, it can be rewritten as

400 27
X(t)~ 160”207 Ny e?r Uit N prhf k) Y GY (k) H
n=-—00 [=-2j p=-+,X

» For ULDM, it is
X(t) ~ ~ —2%m3L3 Z %QW(chrnfm)tZg(ﬂ) (x1),

n=-—j

39



Orbital Modulation

hit,—k-x,)—h(t—k-x,) .

> Spectral split g.() > i : — Ay Yrslt) D gy - [A(LX,) — Alty,x,)],
21—k -n,g)
X(t) = (y13 + Y312 + y12,22 + Y21,322) — (Y12 + Y21,3 + ¥13,33 + Y31,233) ,
0.6
(n) (n) L
. G* S 5 — ULDM
0 —%3[3 + cos(20)] sin(2(¢ — A)) 93# cos B cos(2(p — ) 0.5 3 GWs
1 —2 sin(29)ei(ﬁ+¢72)‘) —2 sin fe' (" T¢=2A) 0.4 -
2 gl‘ggi [1— cos(ZH)]eiz('“_’\) 0 i
3 3i gin(29)e’n =9 — 3 sinfe’®rm=9) S 0.3 F
4 %[3 + cos(20)] e A =9) —‘g’ cos e —A=9)  — 0.9 g
n G G, g 01F
0 —% sin A % COS A 0 i
JBi (=) 0.0 AW W
L oo T ~6fmn —Afn —2fm [ +2fn +fm 6
2 igH2n=2) 1g#2r=2) 0 Frequency

40 WKEK ¥E et a/, 2508.14655



Null-Response Channel

» For a source from some direction, we construct a null-response
channel that is insensitive to ULDM or GWs,

ij = a1& + asf + azy.
» The Signal-to-Noise Ratio (SNR)
185 + asfs + azds 2
aiS.(fla

mﬁ:/ﬂ

» SNR = 0 gives
a10 + a'2/83 + azys = 0.

41 Xu, BkEKFE, Tang, Wu, 2506.09744



Null-Response Channel

> In GR, two polarizations of GW, the response can be written as
& = o2 (f, k)b () + o8 (f, k)b (f),
> The condition a1@s + asBs + as¥s = 0 can be satisfied by

o~

( xgw(/%)) hy + (a : xf’;w(l%)) hy =0,
> Where
x8" (k) = [a5"(k), 85" (k), 5" (k)"
» This can be solved by
as" (k) = x&" (k) x x&" (k).

> So NRC is given by 78" (f, k; ko) = a8 (k) - [&, 5,4
42 Xu, BkEKFE, Tang, Wu, 2506.09744



Null-Response Channel

> For a source from some direction, we construct a null-response
channel that is insensitive to ULDM or GWs,

il = 4168 + asf + asd.

x10—°
f=1 mHz
50
25 ¢
N )
= 3
'-; o 00 ———————————————————————————————— z;
—2.5
(1.15,3.58)
—5.0+ L |
(0.80,1.77) longitude
5 6 7 8
t(s) %103
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Null-Response Channel

» For a source from some direction, we construct a null-response
channel that is insensitive to ULDM or GWs

p—
o
=

— sf |
_Vf.

105 10* 103 102 10! 10°
f (Hz)
Xu, BWkEK#Z, Tang, Wu, 2506.09744




Detecting Ultralight Dark Matter Gravitationally

» Can we probe DM with gravitational interaction in solar system
» What If dark matter has only gravitational interaction?
» Motivations from theories of gravity, particle physics, -

> Viable scenarios in cosmology

» Axion or axion-like particle, misalignment F 545, Tang, Wu, 2203.15452(PRD)
» Dark photon, vacuum fluctuation L g%/z I

Graham, Mardon, Rajendran,1504.02102(PRD) 10724

(Mp)
N
]
)

Ema, Nakayama, Tang, 1903.10973(JHEP),
Ahmed, Grzadkowski, Socha, 2005.01766(JHEP)
Kolb, Long, 2009.03828(JHEP), -

45 100 105 10° 105 10" 10
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Detecting Ultralight Dark Matter Gravitationally

» Metric perturbation In solar system

ds® = —(1+20)dt* + (1 — 2®)6;;dz*dz’ + hy;dz'dx’

: . : PTA, e.g. Khmelnitsky & Rubakov 2014,
> Einstein equations X g

ﬂ,‘_ﬂi@ = 47 Tho,
3¢ + 8,0'(V — @) = dnG T},

. 1
h.i'_j = 167G (ﬂj - E'EI_TTE) ¥

W~ &~ p G = X0 (1”'laev)2

m?  0.4GeV/cm®

2
o ho = 506 = s ()
hi; =~ hgv?/2
» Perturbation for scalar Is suppressed.
H. Kim 2023 0

T

T

> Not for h;; from vector
46 Nomura, Ito & Soda 2020



Detecting Ultralight Dark Matter Gravitationally

» Tensor perturbation

64 256 A Al A
S5 ~ lsxp 202LAT [v sin’y + Sm?*L?sin? ;] P(ei;) =~ 5 X P2L4T[(”12”jlz 5ty )]

scalar vector

TABLE I. Arm lengths and instrumental noises of several planned laser interferometers in space. In the last row we give
the sensitivities on vector ULDM with mass 5.0 x 107! eV. Here L is the nominal arm length of triangle constellation, while s,
and s, are the acceleration noise of test mass and noise from optical metrology system, respectively. Note that LISA/LIS Amax/
Taiji/Tiangin adopt frequency-dependent noise power spectra [101], s2. o [1 + (0.4 x 107> Hz/f)?][1 + (f/8 x 10~* Hz)*| and
S2ms & 1+ (2 x 1073 Hz/f)*.

LISA Taiji Tianqgin BBO DECIGO puAres LISAmax ASTROD-GW
L (10° m) 2.5 3 0.17 0.05 1x103 395 260 260
Suee (10719 m/s?-) 3 3 1 3x102  4x10™* 1 3 3
Soms (10712 ) 15 8 1 14x10° 2x10% 50 15 100
£(50x107eV)  795x 10 653x10° 3.82x10°  200x10* 134x10* 044 7.67 4.32

47 Yu, Cao, Tang, Wu, 2404.04333



Detecting Ultralight Dark Matter Gravitationally

» Tensor perturbation

So

64
~ — i p? v’ LT [v siny + Sm*L?sin? y]

15 2
16 | — LISA —- BBO
P = becio scalar
4 ' —— Tianqin == jiAres
101 f— LISAmax === EPM2011(Earth)
j — ASTROD-GW ~ — EPM2011(Saturn)
; GRACE-FO
1012 !_
£ o] S
S 109 &
Q ' Q
10°
;
1° =
i E ﬁ.\‘\,\.
10 !. \'\./‘/
L cavnl o R Ll TR ERTIT W R AT
10—20 10—18 10—16 10—14
m (eV)
48

256

v ~ 2r4d J 2
Sh(t"ij) =7 x*p’L T[(n12n12 ”13”13) :;]
108 g
f— Astrometry LISAmax
|| = BBO — ASTROD-GW vector
10 g—'- DECIGO == jiAres :
| —> IBA == EPM2011(Earth) | .l-\
10/ - Taii — EPM2011(Saturn) | /-I
E_ Tianqin I ./.
107} 1%
10°
10°f
g
'y Ppm
A e e e
10—20 10 18 10—16 10—14 10—12
m(eV)

Yu, Cao, Tang, Wu, 2404.04333



WIMP DM Spikes around Black Holes

» WIMP DM particles accretion around BH — DM spike

» NFW profile = spiky density profile Gondolo & silk (1999)
B Fep \ @ 9—-2
p(r)occr ™ 0<y<2 =) pspikc(r):psp(Tp) , a= 4_3
» Dynamical friction — Gravitational wave SFE, Tang, 2403.18529 (PRD)

Extreme-mass-ratio Inspiral (EMRI) %10r=2

1.0
d?x

mﬁ = Fq + Fprp . ‘ I

CdQy oo

T di2

o5 FHE I R REEE 1 RERE 6 o

=25 =0 =15 =10 =05 0.0
x10%+2.7 x 108



WIMP DM Spikes around Black Holes

» WIMP DM particles accretion around BH — DM spike
» NFW profile = spiky density profile Gondolo & silk (1999)
) 9—2
p(T)O(T_W,OS’)/SQ E} pspike(r):psp(rTP) , O = B

4—
» Dynamical friction — Gravitational wave

Extreme—massratio Inspiral (EMRI)

Li, Tang, Wu, 2112.14041

— Without DM
e T . a=2.3
10 ¢ Homim0=2.4

- - -0=25




Density and Velocity Distribution

> Relativistic treatment (Will et al)

EF8&, Tang, 2403.18529 (PRD)

V/Vmax < 0.6
== V[Vmax < 0.7
V/Vmax < 0.8
=== V[Vmax < 0.9
— V/Vpax<1

e~

g TR T
e Shenny,

——
* s i ¢
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r/GM
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Halo parameters
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Fitting parameters
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Dark Matter Spike

. . _ K(GeV - cm™?)
» Universal profile p(r) = (r /G
log (k/(GeV -cm ™)) = a-log(M /M) + b
2.5 2.5
® Numerical scatters of w
> 4] - =218 >4
2.3 53
S
®
2,2 Jorrfeeeeeen A e 2.2
2.1 21
METTIRETE 10 107 108  10°
M/M.,

53

( AGM
1 —
r
(a,b) = (—1.62,31.5).
® Numerical scatters of n
-==- =2.175
]
) [ °
.................... a_s
o ® ° °
o
104 10° 10® 107 10®  10°
M/Mg

EF8, Yuan, Tang, 2503.02573 (PRD)




Velocity Distribution

» Fitted with Maxwell-Boltzmann distribution

2
(’U) _ 4m [U B vmin(r)] e—[v—fumin(fr)]Q/'vg(r)

[l (r)]?

Fitted curves

35.- * *  Numerical r=5GM
—— Fitted r=5GM
301 Numerical r=7.5GM
—— Fitted r=7.5GM
251 m Numerical r=15GM
= k + Numerical r=30GM
15 1 1 —— Fitted r=30GM
% Numerical r=90GM
10+ Fitted r=90GM
5 -
0
0.0 0.2 0.4 0.6 0.8 1.0

)

0.06-
0.05+
0.04

(=

= 0.03;
0.02-
0.01+
0.00+

EF8, Yuan, Tang, 2503.02573(PRD)
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Effects on EMRI

» Phase shift of the waveform of GW

h(t)

EF8, Yuan, Tang, 2503.02573(PRD)
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Effects on Early EMRIs

> In Milky Way center, SMBH with mass 4 X 10°M, possible

1018

1015 .

Density (Mo/pc?)

10'? |

many EMRIs at early stages, GW background

109 -
106 -
103 -

100 i

10-3 .

56

- Accretion flow density profile
—— DM density profile

106 10-°

1074 1073 1072 101

Distance from SMBH (pc)

Feng, Tang, Wu, 2506.02937




Effects on Early EMRIs

> In Milky Way center, SMBH with mass 4 X 10°M, possible

Characteristic Time(yr)

many EMRIs at early stages, GW background

105 ;
10¢ ;
103 ;
102 ;
10! ;
100 ;

1071 4

1072 1

—— gravitational time tgy,

—relaxation time t;
- circularization time t,

57

LR R | T
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107 10> 10~* 103 1072
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Feng, Tang, Wu, 2506.02937
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Effects on Early EMRIs
> In Milky Way center, SMBH with mass 4 X 10°M, possible

many EMRIs at early stages, GW background
Feng, Tang, Wu, 2506.02937
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Summary

> We discuss how GW laser interferometers in space may help to
understand the nature of dark matter.

» Wave/Ultralight Dark Matter

»Induce the oscillation of test masses, leading to signals in
detectors. Also sensitive to axion-photon coupling

»>Metric perturbation by vector ULDM may be detectable in
next-generation interferometers.

> Weakly-interacting massive particles

»can form spikes around black holes and affect the orbiting

compact objects, iImprinting on the waveform of GW.
59 Thanks!
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