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® High energy frontier (LHC, etc)
@® Precision frontier (EDM, MDM, etc)
New Physics ® Cosmic frontier (CMB, etc)

® Dark matter searches (direct, indirect, etc)

® Gravitational waves

REVIEW  Nature

https://doi.org/10.1038/s41586-019-1129-z

The new frontier of gravitational waves See also 119’ talk

M. Coleman Miller’?* & Nicolds Yunes®*




® Inflation (tensor mode fluctuation)

® Reheating (preheating)

@® Cosmological first order phase transitions

® Topological defects (cosmic strings, domain walls, etc)

@® Dark matter (primordial black holes, dark photon, axion, etc)

See, e.g., Snowmass 2021 white paper arxiv:2203.07972
(Submitted to General Relativity and Gravitation, corresponding author)



Just like a noise, it is described similarly.

v' Gaussian

Y 3Hg / N op—1 v Stationa
(B (1, 2)) = ZE88(0, 9)oane(f — £)1 — - o
sotropic

v Unpolarized

x 1072 Example Stochastic Gravitational Wave www.ligo.org

4 T T T T T T T \

Energy density Spectrum

dpaw
0 —

Gravitational Wave Signal

4 | ! | | | | ! | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)
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® The standard method of searching for SGB
® Remove majority of noises specific to a single interferometer
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LIGO

Implications for First-Order Cosmological Phase Transitions from the
Third LIGO-Virgo Observing Run
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NANOGrav

Searching for Gravitational Waves from Cosmological Phase Transitions with the
NANOGrav 12.5-Year Dataset

PHYSICAL REVIEW LETTERS 127, 251303 (2021)
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Bubble Collisions Sound Waves MagnetoHydrodynamic Turbulence

~

Hindmarsh, et al,PRL112,041301(2013) ngns(;gf‘;ﬁ:/ﬂﬁﬁmpg'de/ RC Be et
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energy concentrated at walls acoustic production turbulent motion

See alo 37.3)’s talk (new simulation result and new phenomena),
/i1’s talk (wall velocity calculation) :
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® Broken power law model
® Bubble collision domination

® Sound waves domination
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01+02+03@LIGO (H1, L1), Virgo
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Bubble Collision Sound Waves
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® Finite T effective potential calculations

AQcw /Qcw

4d approach

3d approach

@® Phase transition parameter calculations (vw)

® GW spectra calculations (simulations, mpdellings)

® Possibly new phenomena

RG scale dependence
Gauge dependence
High-T" approximation
Higher loop orders
Nucleation corrections

Nonperturbative corrections

(102 — 10®)
@(101)
O(10~1 — 10Y)
unknown
unknown

unknown

@(10° — 101)
I
O(10° — 10?)
@(10° — 101)
X~ — 109

unknown

Croon, Gould, Schicho, Tenkanen, White, JHEP04(2021)055
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Range of error (medium)

Range of error (low)

Type of error
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Mean bubble separation
Fluid velocity
Finite lifetime

Vorticity effects

O(10~*-10Y
O(0-1071)
O0(1072-10%)
O(1073-1071)
O(10~1-10%)

O(107'-10%)
(10-1-10°)
(10—2 10°)
O(101-10°)

Random
Suppression
Random

Enhancement

Random

H.G, Sinha, Vagie, White, JHEP06(2021)164

See also Xiao’s talk (uncertainty due to sound velocity calculation)
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Cosmic String Searches

PHYSICAL REVIEW LETTERS 126, 241102 (2021)

Editors' Suggestion

Constraints on Cosmic Strings Using Data
from the Third Advanced LIGO-Virgo Observing Run

R. Abbott et al.”
(LIGO Scientific Collaboration, Virgo Collaboration, and KAGRA Collaboration)

® (Received 30 January 2021; revised 31 March 2021; accepted 23 May 2021; published 16 June 2021)
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® Solutions of classical field equations
® Boundaries take vacuum field values (finite energy)
® Degenerate vacuum (manifold) and nontrivial mapping

-

/ Cosmic Strings
e ——_ sirings ]

/ Domain Walls \
AT domain walls

For domain wall GWs, see Yeling’s talk
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scale

, S Gu ~ (n/Mp1)*
® Stochastic gravitational wave background particle physics model

dependence
® Individual burst
Model C-1

Lo — ————
S s S R S e

1078 f Q j
10710 pEm——————
&

Gp 10712 [t (e g et R :
107" | = ,
J 1
10-16 | Stochastic  ====- PTA
Burst -=e=e= CMB

1078 ¢ ]

1 20 40 60 80 100 120 140 160 180 200
*?\"Tﬁ:
LIGO-Virgo-KAGRA collaborations, PRL 126, 241102 (2021)



Dark Photon Dark Matter Searches

O1 Result / 03 Result

PHYSICAL REVIEW D 105, 063030 (2022)

COMMUNICATIONS
PHYSICS Constraints on dark photon dark matter using data

from LIGO’s and Virgo’s third observing run

R. Abbott et al.”

ARTICLE . ) i . .

(LIGO Scientific Collaboration, Virgo Collaboration, and KAGRA Collaboration)

Searchlng for dark photon dark matter Now a collaboration effort !

in LIGO O1 data : [ :
\T\he continuous wave group joined our search in O3

Huai-Ke Guo', Keith Riles® 2, Feng-Wei Yang® >4* & Yue Zhao®
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10722V 1072%eV keV ' GeV E\/ 1078 M 1M

ultralight particles WIMP primordial black holes
(axion, dark photon) boson stars, BEC

\ ' J \ Y
wave dark matter particle dark matter exotic compact object

All can be searched for using gravitational wave detectors. 19



..... EMRI dephasing

Future Interferometers

e QCD Axion
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silicon mirror

(1) : 1/GeV
(1) _ : 1/2GeV

a dark photon wave

—

splitter photodetector

CERN Courier

very narrow frequency band
Search method is similar

Af/f — 107° | to “continuous waves”
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(Nature) Commun.Phys. 2 (2019) 155, H.G, Riles, Yang, Zhao

New in O3 search:

Phys.Rev.D 105 (2022) 6, LIGO-Virgo-KAGRA Collaborations

1. Another search performed by the continuous wave group with a different method

2. An improvement factor included from finite light travel time (PRD.103.L051702, Morisaki, et al)
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@® First direct search for cosmological first order phase transition by LIGO
® New constraint on cosmic strings with latest LIGO data

® New constraint on dark photon with latest LIGO data
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