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® Ripples of spacetime
® Propagates at the speed of light

® Squeezes and stretches as it passes by

® Carries energy and momentum www.ligo.caltech.edu

ds® = —gudz’dz”

9uv = Tuv + hm/ ‘hﬂy‘ < 1

Qhw/ — —167TGSW/ source

See, e.g., Weinberg, Gravitation and Cosmology (1972) 5
Maggiore, Gravitational Waves, Vol | and |l
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Example Burst Gravitational Wave
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Example Continuous Gravitational Wave
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Transient ﬁ

Persistent @

Gravitational Wave Signal
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Example Stochastic Gravitational Wave
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v Gaussian, Stationary, Isotropic, Unpolarized

H} ;
(6, D (.0 = =20, 9o — ) Fhaw (7]

Energy density Spectrum
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bubble collision

>

sound waves

home.mpcdf.mpg.de
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100 /3
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Q. (f)h? = 2.65 x 10-6 (Hpt) (sza>2 (100) E
ﬁ 14+ a G+ Tzl_(1+2fstt)_l/2 RD

\° 7 7/2 b ( )
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Reduces to Ellis, et al, JCAP [2003.07360]
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Chiara Caprini et al JCAP [1512.06239]



o - -

13 (causality)

‘: T. gs 1/6H
E(looeev) (100) “

Hubble size: 1/H* ~100-1000 Cai, Pi, Sasak, PRD [1909.13728]
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NANOGrav, ApjL. [2306.16219 ] Boileau et al, MNRAS [2105.04283] Romero, Martinovic,Callister HG Martinez Sakellaria

EPTA [2306.16227] LISA: Caprini et al [2403.03723] dou, Yang,Zhao, PRL [2102.01714]
_ Network: Wang, Han, PRD [2108.11151] ... Badger, ..., HG, ..., PRD [2209.14707]
Xue,Bian,Shu,Yuan,Zhu, etal, PRL [2110.03096]  TD| optimization: Wang, Li, Xu, Fan, PRD [2201.10902]  Jiang, Huang, JCAP [2203.11781]
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Wu, Chen, Huang [2307.03141]
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We thus also consider a generic broken power law model.

f n )f A:|(ng—nl}/&
Qppr (f) *(f*) [ + (f*)

® n1:low f power, fixed to be 3, (causality, Cai, Pi, Sasaki, PRD [1909.13728])

® n2: high f power, -4(SW), -1(BC), not entirely determined, will vary in the range (-8,0)
® Omega*, f*, reference amplitude and frequency.

® A=2 (SW), 4(BQ), fixed to be 2 which gives a more conservative result

In all models (BPL, SW, BC), we also consider the non-negligible CBC contribution.

QCBC — Qref (f/fnef)z/3
Jret =25 Hz




Likelihood

~

log p(Cry(f)|Ogw, A)

Priors for two analysis strategies:

1

@

broken power law

>

£y FrA (n2—n1)/A
=0 (£)" |1+(£)°]
Broken power law model
Parameter Prior
Qrof LogUniform(10~", 10~ )
Q. LogUniform(10~9, 10~%)
I Uniform(20, 256 Hz)
ni 3
ng Uniform(-8,0)
" :

_/

/ calibration uncertainty
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()~

Y OTAf2,(H)SE(F)

Gaussia

n noise
Pr(f)P;(f)
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ﬁsound waves, or bubble coIIisicm

Phenomenological model

Usw

K¢
Rgw

Parameter Prior
Qref LogUniform(10~Y, 10~7)
« LogUniform (10~3, 10)
B/Hpt LogUniform (10~1, 10?)
I LogUniform (10°, 109 GeV)

1
1
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e “\ No Evidence for BPL Signal
95% CL UL (CBC+BPL)
/ 'BCBCJEB'P'L _____ B | 5555555

Qref — 6]_ X 10—9 log noise

1CBC + BPL

! Q, =56x10"7 log BBPL _ _078

g QBPL(ZS HZ) =44 x 10_9/ .;.;.;.;.;.;.;.;.P;?.I;S?;.;.;.;.;.;.;.;.;.;..;.;.;.;.f:f:f:f:f:f:

95% CL UL with fixed n2

insensitive
] Broken power law model
B R N I B S o hel kR f.=1Hz f.=25Hz £. =200 Hz
SN ) [ — —1(BC) 3.3x 1077 (3.5 x 1078] 2.8 x 1077
; AR — 4 00 20 -8 -6 -4 -2 0.n,=-2(BC) 82x107° 6.0 x 107° 3.7 x 1077
; ¥ N9 n, = —4 (SW) 5.2 x 1073 1.8 x 1077 3.7 % 10~

Posterior distributions for 2 variables (correlations) e



| BE{ESC;-COH —0.74

No Evidence for Bubble Collision Signal

95% CL UL with fixed Tpt and beta/Hpt

Phenomenological model (bubble collisions)

Q95%(25 Hz)

coll

B/H\Ty 10" GeV  10° GeV ~ 10° GeV  10'° GeV
0.1 92x 100 88x10° 1.0x10% 72x107°
1 1.0x10% 84x10° 50x107°
10 40%x10° 63x10° (.. )

excluded at 95% CL

17
no sensitivity



llog Bios ™Y = —0.66

noise

v, = 1

Signal is generically
weak, no preference
for most parameters

No Evidence for Sound Waves Signal

95% CL UL with fixed Tpt and beta/Hpt

Q. (25 Hz) 59 % 107°
B/Hy < land T, > 10° GeV

See also:
Jiang, Huang, JCAP [2203.11781]

Yu, Wang, PRD [2211.13111]
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LIGO

O1: LIGO-Virgo, PRD [1712.01168]
02: LIGO-Virgo, PRD [1903.02886]

T T T T T T T T T T T ": T
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o Wang,Li, PRD [2311.07116]
10711+ Model C— 1 Gpu=10"% N, =1 .
— Cusp  -—-—- 03 PI Curve (2a)
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EPTA [2306.16227]
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(CI7 — Q8 (fa; G, NY))?
21;1 Uj,f(fu) l,

model parameters(Nc=1)

In £(C|\Gu, Ni) =

® Data sets: O1, 02, O3
® Gu:(107'8,107°) uniform prior on the logarithmic scale
® Nk from 1 to 200, with each a separate model

Posterior:  p(Gpu|Nx) = L(Gp, N)p(Gullcy)p(Nk|In,)

® 95% credible region boundaries determined for each Nk by:

1

N p(Gu|Ng)dInGu = 0.95

P=Po
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® Why do we want to study solitons ?
® Magnetic Monopoles
® Gravitational waves from cosmic phase transitions and Cosmic strings

® How to detect their gravitational waves?

Motivated by the desire to explore the new tool: gravitational waves
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