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Masses in the Stellar Graveyard
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Example: Phase Transition

Theorist

Standard Model of Elementary Particles

10 — T
Indirect ~
e three generations of matter interactions / force carriers
Limits (fermions) (bosons)
| Il il
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Phase Transition
LIGO, LISA/Taiji/Tianqgin, PTA, ... Gravitational Wave Spectrum Parameters Particle Physics Model

Experimentalist



Questions to Answer

® Set limits when signal is absent

® Parameter estimation when signal is discovered

» What is precise shape of the signal spectrum?
» What are the values of alpha, beta, vw, T*, etc (PT as an example)?

» What is the underlying particle physics model?

** What are the values of the model parameters?

** What this implies for collider experiments?



bubble collision

e

sound waves

home.mpcdf.mpg.de

Key Observables

Energy density Spectrum
H\ 2 mga \* dPGW
Qcoll(f)h2 = 1.67 x IO_SA( B ) (1 f:_a) QGW(f) — pcdlogf
X (100) 1/3Senv(f)1
G

Q. (fil*—=265 x10° (Hpt) (sza)Z (100) 1/3
SW . . n : _
e T=1—(1+ 2eHp) 7 (ap)
wi( ) (4+3(f/fs )2) @) HG, Sinha, Vagie, White, JCAP [2007.08537]

SW

- 3(1—w)
Yang Xiao, HG, Jia-Hang Hu,
Jin Min Yang, Yang Zhang [2410.23666]

3 1/3
H K a2 (100
2 . = * turb
() =335 x 1074 (1) (B (1) g

Chiara Caprini et al JCAP [1512.06239] v



FOUR TYPES OF GRAVITATIONAL WAVES DETECTED BY LIGO

COMPACT BINARY COALESCENCE {CBC]
Inspiral, Merger, Ringdown. Chirp signal.

BURST

Short, unmodeled transient. E.g., Supernovae.

£ £

= £ A

z g m‘ iy "W“““ i
| secmnd =
Time (<) Time {ms) -

CONTINUOUS WAVES STOCHASTIC BACKGROUND
Constant frequency & amplitude. Spinning neutron stars. Superposition of many unresolved sources. Random noise.
A |'“'| ' . . ® Vel . : .
Jl lL'I I'J 5

Strain (h)

Time (days/years)

Strain (h)

Carrelated noise across detectons -
Time (long duration)




Plane Wave

® A special gauge, the TT gauge, can be chosen in vacuum (caution: extended sources).

® Only 2 degrees of freedom (+, x).

h_|_ hx 0
h;E-T (t,2)=]| he =Ny O cos|w(t — z/c)]
0 0 0

]

/T frequency

WwWw.nti-audio.com https://www.johnstonsarchive.net/relativity/pictures.html 12



Detector Response

® From GW to detector outputs

>3O

& [ d ha(h) e (@)e 2 /)
oo S

hij(t,x) = D /

A=+,X "7

hi(t) = dij b (8 x1)

2

A /A ij A /-

different detectors/channels

(wiw) = [ arp)
(AT (N (f)) = 58(f = F)é1sPr(f)
® Space-based dectors: Taiji, Tiangin, LISA; TDI channels (A, E, T) 3

® Detectors: LIGO (Hanford, Livingston), Virgo, KAGRA, LIGO-India...



SGB

Stochastic GW Background

Strain (1C~°"
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Stochastic GW Background

Inspiral
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Stochastic GW Background

@® Assumptions (applies for cosmic sources)

@ Stationary

® Gaussia
@ Isotropic
4x 102 Example Stochastic Gravitational Wave f d pGW
. Qaw(f) = -
® Unpolarized aw(f) oo df

Question: how to simulate GW?



LIGO-Virgo-KAGRA

Glitches and gating

Narrow spectral artifacts w W’" Ui IH\PMIIWI l' H ‘ LVK collaborations, PRD [2101.12130]

Non-Gaussian noise SEEN it i HL”,W ““"“‘””wﬂ‘ LH {

Magnetic noise PT searches:

Calibration uncertainty

| | Cosmological and HEP implications: [2510.26848]
o7 £ P P 10y Romero, ..., HG, ..., PRL [2102.01714]

17



Cross-Correlation

@ Single detector/channel output

hi () =3 [, @B ha(f8)F @) 2
A

H1-L1 Overlap Reduction Function

/\\\ e * y(0)=-0.8908

@ cross correlation of outputs s /

hy(f)h W/
(RRs (1)) = 300 = FE1s ()

3
Frequency [Hz]

overlap reduction function

I'rg(f) _ Tra(f)

’YIJ(f): FII(O) - 2/5

» orf describes the reduction of cross-correlation from mis-aligned, separated detectors

18



Cross-Correlation

For a detector pair (1)), segment t:

2 Re|37,(ft) 37.4(fr)]
Twg Y1 (f) So(fr)

2

Ol = C:I.I(fk) - X Cgffii;-?f([;i;(—fék)]_E [gm(fk)}z =

<C';‘:J> = Qp(fr]|O) Var[C}’] = [07”]?

Gl (fi) =

-1

T 2T A f i (1) S5 (fi)
Py (fi)Pra(fr)

l



SNR

@® cross-correlation estimator

I 4 T2
Y :/ dtf dt’ s1(t)s2(t")Q(t —t') filter

T T

® SAR
J oo Af Su(HT(HQ(S)

=, af QPR HPS)]

{Y)

S
2 _ /2
N /) - (V)

@® Optimized SNR
optimal filter

Pi(f)Pa(f)

1/2

é B > 2 szl(f) =
N = {QT/U df T=(f) PL(f)Po(F) Qopt(f) o




We can now construct the likelihood

Bayesian Analysis

p(CY|0) o exp [——ZZ (C” gf“}j;"‘@)) ]

® Specify a prior
® Specify a model (astro, cosmo)

® Sample the posterior

p(Hi | D:I) —

» Model comparison (Bayes factor)

» Parameter estimation

Bayes’s theorem
p(H; | I)p(D | Hi,I)

p(D | I)

21



Cross-Correlation: O4a

LVK [2508.20721]

105 cross-correlation spectra upper limits for power law models

\ l |
u !H

—— 10 CL O1 — O4a »  01-Oda UL
---------------- lo CL Oda | f | a

H

i \ " uw S
HIlI‘I “ lil ||||l|||“||I|

i L“

()
ref

i H : i L)

|J|h.“ l

-

L

5 10 60 S0 100 120 140 160 e 0 ! 5 3 1

Consistent with noise only scenario. Exclusion for power law models obtained 22



Cosmological Sources in O4a Analysis

Cosmological and High Energy Physics implications from gravitational-wave
background searches in LIGO-Virgo-KAGRA’s O1-O4a runs

The LIGO Scientific Collaboration, The Virgo Collaboration, and The KAGRA Collaboration*
arxiv:2510.26848

@® Cosmological phase transitions

Updated [
@® Cosmic strings ais |0 O i ;i 9
80 100 100-140 150-160+ 240-325
Mpc  Mpc Mpc Mpc Mpc
® Domain walls LIGO |} [ ]
. . 30 40-60 50-60 70-130
@ Stiff equation of state , Moc  Mpc Mpc Ve
Virgo L] |
@ Axion Inflation e . RRRAN
KAG RA Mpc Mpc Mpc Mpc
@ Second order scalar perturbations L |
. Primor dial black holes (2002127-v33 20|16 20l17 20|18 20|19 20|20 20|21 20|22 2(;23 2(;24 20125 20|26 20lZ7 20|28 2(;29 20|30 20|31
o Parity violation (not covered here) O4a: 2023-05-24 to 2024-01-16 16:00:00 UTC

23



.. . : L = ; T =
- T+ 4 SsuaAluUn UIBPON -

V. - L
._._... .. i [ o = . Vo : # - -
— " - B L 1 -
; 25 - @ Y
et - ——

e

saby yae(Qq

exotic expansion history

| W E
_ pawliol suojoid -

w04 saixe|eo, ' sielg 1Si4 )

00 yrs 200 Million yrs

Age of the Universe

SuUoIleENn}o
winiuens

asiaAlun 3IqISIA 24} JO snipey

13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA



Representative Results

Cosmic Phase Transition
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https://github.com/a-renzini/pygwb

pyGWB

strain data data quality
s1(t), s2(t) vetoes

segments
and FFTs

signal model
Q(f)

1
L

Cross-power
5152

auto PSDs
P, P
ORF
v(f)

|

notches
calibration
systematics

combine
frequencies + time

upper limit or
parameter recovery

|

Renzini, et al, ApJ [2303.15696]

26



@® Phase transitions + CBC

Romero et al, PRL [2303.15696]

Reproducing O3 PT Studies

27
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Cosmological

Inflation

Phase transitions (EW, GUT, etc)
Cosmic strings, Domain walls
SIGW

PBH

Sources

Astrophysical

® GalacticDWD
@® BBH, BNS, etc
® EMRI

® SMBH binary

Waveform white dwarf binary in our Galaxy

Waveform
o
1

— 0-CO
—— He-CO
— CO-NeO
—— He-He
—— He-NeO

0.0

I I 1
05 10 15

Timeins

2.0 25 30
le?
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Detection in Space

Stochastic GW detection in space:
® Complicated, and correlated noise
® Complications from time-delay interferometry

® Solution: null channel method, or with a detector network

Studies on PT detection in space:

Gowling, Hindmarsh, Hooper, Torrado, JCAP [2209.13551] -13
Gowling, Hindmarsh, JCAP [2106.05984] Cosmo SGB detectable down to ~ (1077)
Boileau, et al, JCAP [2209.13277]

Huang, Bi, Cao, Huang, CPC [2309.14045]
Lewicki, et al, PRD [2403.03769]

Caprini, et al, JCAP [2403.03723] 30

Boileau et al, MNRAS [2105.04283]
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Fit to data bin by bin:

h? Qcw (f, §) = 10% (

h* Qaw (f,

low-d_

1{]—5.

10-—8_

10—10_

1ﬂ~—12_

i

A/ fmin?i fma.x,t'
.‘E;') = ].Uai 9(f - fmin,i) 6 (fmax,z' e f)

Agnostic Detection

D
) g(f_fmin,i) g(fmax,z'_f)

Data (used by the binner)
LISA face sensitivity
Nominal PLS (3yrs SNR =10)

Input signal

Reconstructed signal

Bin extremes

Reconstructed sensitivity

1o region
20 region

-

@® Excess power method: Karnesis, Petiteau, CQG [1906.09027]

Other Methods

o

.. il
/ \_______‘_, ".2
T 4 T

"0 107
Frequency [Hz]

N

@® Principal component analysis: Pieroni, Barausse, JCAP [2004.01135]
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Null Channel Method

Adams, Cornish, PRD [1002.1291]

TDI: cancel dominant noise from laser

log10(Nacc) = —=50.152000

101

frequency fluctuation ]

10-1 4

1073
- (A = H(Z-%)
1075 1
 E = I(X 2¥ + Z) loguoNoge) = 46,7213}
=X P Z ] |
— RaE|Tai 3 \[ \/§ ( + + ) s i
_— — R7|Taji s E,% E
=== Ruk|usa ;;',QT‘, '
=TT Ryluss Ls] ; |
-1l R - i — o
? 1074 10-3 10-2 10-1 P, (f) =3, (f) + ¥, (f) Pl
an Jiao, Qi ang, Lel So(f) =335 Ra(f) o7 T
Shuo Guan, HG, Dian Jiao, Qingyuan Liang, Lei Wu, a 43,[2 f3 a £ E
Yang Zhang, PRD [2511.00996] fog10(Nece) 9%10iNgpd

Boileau, Christensen, Meyer, Cornish, PRD [2011.05055]

TDI optimization: Wang, Li, Xu, Fan, PRD [2201.10902], ...
33



Detector Response

3 orthogonal TDI channels

1
TDI: time-delay interferometry ( a(f) Z(f,» - —Pa(f)(saba(f - f,)
Tinto, Dhurandhar, LRR, 2021

Response functions Noise spectra
100 10-34
FTIRT NA;‘ElT&w
—— Nrlrais
10-36
10-2 - i === Nak|Lsa
=== Nrlusa
-38
1074 + 10
N(S) 10-4{} .
1078 1
10-41 4
1078 |
= RNE‘T&J,'I
10-10 A RT|Tay‘I 1044
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= : g T 10~ 10-3 102 10-1
10-4 101 34
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Noise Sources

There are many noise sources. The two usually considered:

M0) = 2 {45ous ) + 81+ ot (£)
< G Seelh) HIW P
M) = = 72 [2Sous() + gz Sucl)

® Optical path-length fluctuation

Sows () = 5x\/ 1+

f

® Test mass acceleration noise

) ()

) (32\1;1@‘)‘

)

ox = 8 x 10712
N,. =3 x 1071

S
8 mHz

)



10-34
e Simulated Data

—— Theoretical PSD

10-36 4

Likelihood

10738 {

10-40 |

PSD (s)

10742

The core of the statistical analysis: likelihood 1o
A channel

10-46 4

both signal and noise behave as random variables

104 .

10-* 1073 1072 107!

Frequency (Hz)

Nog N/2 1
L= - exp | —
E ;1;[1 87T30'i0'é0'%
Tf2 3H?2 Qaw
2 S 0
| ot = He |2E0RG R, (1) + Nt

Ny = 126 : number of segments

N = 10° : frequency bins in one segment
astrophysical background (extra-galactic BBH, BNS)
astrophysical foreground (double white dwarf)

\ fs = 1 Hz : sampling frequency cosmological background (PT)

T = 1.26 x 10%s : observation time

36
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I Fisher Forecast

R Constructed MCMC Results | nj eCte d S |g na |
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Points survive pheno constraints.

Shuo Guan, HG, Dian Jiao, Qingyuan Liang, Lei Wu, Yang Zhang,
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Higgs Self-Couplings

Constraints on Higgs self-couplings

|| 68%, 95%CL

Bl 63%.959%CL
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