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Motivation

» Standard model Is not complete
» Dark Matter and Dark Energy
» Neutrino mass

» Matter-Antimatter asymmetry

» Theoretical Problems
» Strong CP problem
» Hierarchy problem
» Fermion mass hierarchy

» Unification of forces




Ultralight Bosonic Fields

» Well-motivated in many physical and cosmological models

» Popular dark matter candidate, dark energy candidate

» Topological objects, domain walls, compact objects, -




Ultralight Dark Matter
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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, -



Space-based GW Interferometers

» LISA, Talji and TianQin, sensitivity band 0.1 mHz ~ 0.1 Hz
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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 < LxXh

» One can measure the phase by laser
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Signal Response

» DM couples to SM particles, inducing oscillations of test mass,
effectively changing the length A L2 +AL !B

G )

» One-way Doppler shift
Otyy = —firs - [62(t, ;) — 0F(t — L, T,)],
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14 oy dt
» Fractional frequency change
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Time-Delay Interferometry

Tinto & Dhurandhar

_________________________________________

» The arm lengths are not equal

» Laser frequency noises dominate | "
E Aypna(t) @ Nl
X(t) = [Ayppi(t) — Ayppa(t)] — [Aypp1 (t = T2) — Ayppe (t = Th)]
= [Hy(t) — Ha(t) +p(t —=T1) —p(t = T3)] | T |
—[Hi (t-T2) - Ho(t =Th) +p(t = T1) = p(t = T2)] = ‘a - i
= Hy(t) — Ha(t) — Hy (t = T2) + Ha (t = T1), | I L |
Ayppi(t)
» Michelson interferometry
A (1) = H (1) +p(1-T)=p (1),
X(t) =[Aypp2 (t —T1) + Ayppi1(t)] Aoy ()= H, () + p(1=T,) - p(t),
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> TDIl-virtual equal-arm interference i
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Time-Delay Interferometry

— Otto 2015

phasemeter >

downlink
» |nput for TDI
Ey — Tir €i—1 — Ti— i — Tit r~ Dorps — ~ D3py —
Nir = Sir + 2T + D11 12T 1+T 2T n 2'P3 = P1, Th 3P2 — P1,
€ — T Eiiqr — T e — N2 ~ D3p1 — p2, N2 ~ D1p3 — pa,
= 8§ + L & + D 1 7’+1’ TZ+1' _ D 1T1+1 T'L“l‘]_’
=8 2 . 2 o 2 N3 ~ Dypa — p3, N3 ~ Dap; — p3.

» TDI cancels laser frequency noise
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Time-Delay Interferometry

» There are multiple combinations

» Michelson channels

X(t) = (my.392" +Mugar + 322 + M) — (M3:2rara + N1regrs + M2z +1M1)
Y(t) = (M3.133 +Mo:zs’ + Mgt +M2) = (Megrarn + Mo + 03 +102),
Z(t) = (Mmra1rr +Marr +M2ar +03) — (Moarera + N3rara + M2 +13).

» Sagnac channels

a(t) = (Man1r2r +N3igr +110) — (318 + M2:3 +11)

Bt) = (M2 +Mingr +1m20) — (Mi21 + M3:1 +12)

Y(t) = (Musrar + Mo +n3) — (N2:32 + N1az +13)

» (¢ channel

C(t) = (771/:1' + 772/:21 + 7731:3') — (nl:]_ + 772:2 + n3:3) . - clockwise paths o counter-clockwise paths

12 Credit; Otto 2015



Transfer Function
» Fourier transform h(t) = gfooo h(w)e™ dw

)

» One-way single link .. t) = u.. Q_ﬁ/ ds Bo(w)eit [6_7;;;;.@, _ e_i<7+z.fs>]
T Jo

~

) e s

» Transfer function, sky and polarization averaged

grs(w) . 100 L
Rw) = |= ,
h(w)
1072
1 1 2
ISE—/ dcos@l/ dey -+,
47T -1 0 Ig 10-4 L
1 1 27 1 2T
I,= deost, | dey | dcos8, | dey---
1672 /_1 COs U ;i €1 /_1 COS 2/0' €9 1o-5 L
1 1 27 2 J/
= — seh / — GW
IGW 8 —1dcoS 91/0 del 0 dw 1078 |- e === Scalar T
// ——  Vector
13 105 104 10— 102 10t 10°



Transfer Functions

» Different channels have different transfer functions

» DM Is also different from gravitational wave, velocity effect, -
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Sensitivity
> Defined by So(f) = Yel)
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Sensitivity
Prince, Tinto, Larson & Armstrong
1 1 1 1 1 1
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Sensitivity on scalar DM

> Stron [ oso— @ | %P
Strong sector sc it |

Aoy g+ Aoy, 1T,
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i=u,d } Damour & Donoghue
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assuming d,,, = 0 and dj ~ 0.9d,. 10-3%
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» Equivalence principle
IS violated. 107,
» MICROSCOPE 107,

— TianQin
----- EP test
——-fifth force
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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
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Summary

» Ultralight bosonic fields (ULBFs) are motivated and predicted
IN many physical and cosmological theories

» ULBFs can also be dark matter candidates, ULDM

» The tiny coupling between ULBFs and standard model
particles can induce observable physical effects

» We use the space-based gravitational-wave interferometers to
probe ULBFs and ULDM, taking the various time-delay
Interferometry channels into account

» (Good sensitivity can be obtained in some parameter region

» Stochastic effect barely changes the conclusion
19 See arXiv : 2307.09197(PRD) for details. Thanks!



