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GW Laser Interferometers in Space
> LISA, Taiji, TianQin, LISAmax, Astrod-GW, pAres, DECIGO, BBO,:
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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

> h~AL/L~10"12m/109m~10"21

> 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
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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 :
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» Particular —
> Direction
> Frequency 10794

> Waveform _
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Time-Delay Interferometry

Tinto & Dhurandhar

o 4 |
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» |n space arm lengths are not equal

» Laser frequency noise does not cancel

Ayppa(t) @ S

X(t) = [Ayppi(t) — Aypp2(t)] — [Aypp1 (t — T2) — Ayppe (t — T1)]
= [Hy(t) — Ho(t) +p(t = T1) — p(t = To)] T
—[Hi(t-To)—Ha(t —Th) +p(t—T1) —p(t — T3] E 7 [

Vea

:Hl(t)—HQ(t)—H1 (t_TQ)‘I‘HQ (t—T1), Ly

Aypp(t)
AYpey (1) =H, (t)+ p(t-T,)— p(t),
X(t) =[Aypp2 (t — T1) + Aypp1(t)] AYop, (1) = H, (t)+ p(t=T,) = p(t),
—[Aypp1 (t —T2) + Ayppa(t)]

» Michelson interferometry

T,=2L, T,=2L,
» TDI-virtual equal-arm interference
9



Time-Delay Interferometry

Otto 2015

laser : : !

phasemeter >

. _|:_’|: =|<'—4 downlink
> Input for TDI

Eqr — Tyr Ei—1 — Ti— T; — Ty r o~ Do — ~ D —
N = sy + 5 + Dji1 1 5 LS 5 m 2'P3 — P1, 1 3P2 — P1,
. o o N ~ D3ip1 — pa, n2 ~ D1p3 — pa,
. = &= + ET‘ Ta + D 18?‘+1; T3+1! . D 1T3+1 T‘l.+]_'r
= s 2 v 2 i 2 N3 ~ Dyipa — p3, n3 ~ Dap1 — p3.

> TDI cancels laser frequency noise
10



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) = (771’:1' + Moz’ + 773’:3') o (771:1 + N2:2 + 773:3) . - clockwise paths 1o counter-clockwise paths

Credit: Otto 2015
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Time-Delay Interferometry
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Possible Effects from Dark Matter

» Direct - Interact with the detector directly

> Induce additional motion of test mass
» Change the size of test mass, etc

» Modify the propagation of laser light

L- L+ AL
A - " B

Refs. Pierce, Riles & Zhao 2018, Grote & Stadnik 2019, Morisaki & Suyama 2019, ......

> Indirect - Affect the messengers that interact with the detector

» Modify the GW from astrophysical sources
» Cosmological phase transition

» As new GW sources, PBHSs, -

Refs. Eda, Itoh, Kuroyanagi & Silk 2013, Yue, Han, Chen 2017,-

Bertone et al 2020, Cardoso et al 2022, ......
13
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Dark Matter Candidates

» Primordial black holes > Weakly-interacting (WIMP)
» Super heavy particles » Strongly-interacting (SIMP)
» Asymmetric DM > Sterile neutrino
» Hidden sector DM » Axion (ALP), Ultralight DM
> e » Dark photon, dilaton etc
| Wave-like | Particle-like | Macroscopic I
| I 1 —>DM Mass
102eV 1eV 1019 GeV 1035 g
Axion, ALP, DP
Ultralight DM, etc e.g. Sungwoo Youn, Deog Ki Hong's talks

14



Ultralight/Wave Dark Matter
> Mass < 1 eV, QCD axion, ALP, Dark Photon, -

» A phenomenological approach

1 1 &
> Scalar £ =50"¢9.¢ — 5mgé” - C oy Osms

> Light dilaton, sc = -2 | -5 pa paw _ iy + Yy dg) Mithith;
J Mp | 293 " gd( mals) 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 2020, Kolb & Long 2024



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
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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)\/—mudi‘“dm”- /

» Additional gradient or force /
5z (t, T) = M kle!me(t=vk-T) pAf gb,;\ﬂ/mé
1

1 5 = . =
» 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
17




Ultralight/Wave DM - Signhal Response

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

L-L+AL

effectively changing the length

A <

“—>

>
Lo

+—>

» One-way Doppler shift
Otys = —fips - [0E(E, &) — 6Z(t — L, T,)]

OV,

Vo

» Fractional frequency change

— irs [At, 53) — h(t — L, %)), h(t, T) oc em(=vk-®) 3

Yrs(t)

/J"I’S

18

Oy

140

N\

Yy

/

A

k - 'ﬁ'rs
€A Nys

ﬁi’sﬁiseij (]%7 ,(p)

( 2(1 + fiys - k)

o
i

for scalar field,

for vector field,

for gravitational wave,

Yu, Yao, Tang, Wu, 2307.09197



Transfer Functions
» Fourier transform h(t) =@/OO h(w)e™tdw
» One-way single [Nk y,,(t) = s \F/ dw B(w)eit [e—iﬁ-fr_e—i(7+g-fs)]

grs(‘ﬂ) = Urs h(w) [e_@(k‘wr) - e—z('r—i—k-:cs)] - T — 27_rf‘L
> Transfer function, sky and polarization averaged
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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

- N
» Defined by So(f) = %Effi, Nx = 165in*(7) {[3 + c08(27)] Sace + Soms}, T = 2w fL
’ -3 ! ; = -12 — -15 2
Soms (f) = (Sm @) [1+ (2><1(}_Hz) é LISA : Soms =15 % 107 m, 54 = 3 X 107"° m/s?,

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

2 = 2
Suce (f) = (2—7#;) ll+ (_—0'4 o H) ]

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

» Optimal channels 4=

Scalar field

1

V2

1

2-X),B= =

10710 -

1022 |

103 102 101 10°
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Sensitivity on scalar DM

d _
> Stromg SeCtor oL = Mi; - 299633 Fﬁﬁ/FAMV - Z (dmz +’7mid9>miwiwi
i=u,d

Damour & Donoghue
A = il dmumu, 10-1]
Mg + My, E
d, ~ dg + 0.093(dy, — dy). 10-2§-

assuming d,, = 0 and d; ~ 0.9d,. 10‘35 \/ ././'

&)

IS violated. 10
» MICROSCOPE 10-6%-
> Pulsars |

Shao, Wex, Kramer 2019
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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‘)
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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
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Sensitivity on Axion-Photon Coupling

» Axion-photon coupling

1 v 1 1 2 2 Ga r
L= —ZFWF” + 58,,,0,3% —gmat - —47a,FWF“ :
> Modifies Maxwell's egs V-E=-g,Va- B,
OE B da 0? 9 .
E—VXB——QOJY(E'B—FVGXE),(@—V)B—QQWGJVXB.

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

» Axion dark matter background affects the phase speed

of laser with different polarization, v, = % ~ 1+ g;;a.

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

26



Sensitivity on Axion-Photon Coupling

t

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

t— AT
> Equivalent phase changes

AT, ~ [ T 92;':3 la(t) — a(t — L)] .

molt) = =TT _ 790y oy 1),

> Linearly polarized — pol angle

1 eiw(t—AT+) 1 eiw(t—AT_)

1 —1

1/4-wave plate

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 modification;s,

7 Yao, 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

23
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1 ] eiw(t—AT_)
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99y [14(¢) — a(t — L)].
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splitter > | /14(%)
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Sensitivity on Axion-Photon Coupling

Mass (eV)
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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
30 Nomura, Ito & Soda 2020



Detecting Ultralight Dark Matter Gravitationally

> Tensor perturbation

256 ,

64 , 48 214 12
! 1013 :
16 | = LISA —:= BBO b= Astrometry LISAmax
10 r_ Taiji == DECIGO Scalar 1011 ! —-= BBO —— ASTROD-GW VeCtOI‘
F —— Tiangin == Ares F —.- DECIGO == JiAres :
1014;r - LISAmax - EPM2011(Earth) | —ls EPM2011(Earth) | .l.\
= ASTROD-GW  —— EPM2011(Saturn) 107 e Taiji — EPM2011(Saturn) | /.’
1012 '_ GRACE-FO ! — Tiangin I . /
s | o 107} |
Q 1010 » Q b
Bl S ]
10°
)
10
T 10'F
10 Py ]
10—20 10—18 10—16 10—14 10 10—20 10—18 10—16 10—14 10—12
m (eV) m(eV)
31 Yu, Cao, Tang, Wu, 2404.04333



Detecting Ultralight Dark Matter Gravitationally

» Tensor perturbation

. 64 _ LY 256 NN,
b= s KPVLT lvzsmzy + 5mL2sin? 2] : Sj (€)= =gk pPLAT[(Righy, = Ayhis)e]”
scalar field vector field
0 —— X Y.Z scalar; i X.Y.Z vector
0o E ] ; et %
! : ! 10° . :
_ ()l() P | — ] F —
Sl T e |
e ' I~ .af 5
QU 8E I 100k
10 [ 1 ]
R L |
10" ! 10" ]
! ! 5 :
10" 1 ! 5

102 100 100 10® 107 w00 Wm0
m (eV) m (eV)
32 Yu, Cao, Tang, Wu, 2404.04333



Summary

» We discuss how gravitational-wave laser interferometers in
space may help to understand the nature of dark matter.

» Wave/Ultralight Dark Matter

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

»Sensitive to axion-photon coupling
»Metric perturbation by vector ULDM may be detectable In

next-generation interferometers.

33 Thanks!
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