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Modern Physics Landscape

m Standard Model

m General Relativity

Lijing Shao (3 = k) Spacetime Symmetries with GWs TeV Workshop 1/29




How the Unlverse is Ruled | .

[ Partlcles of strong, weak electromagnetlc lnteractions
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Absence of Quantum Gravity

m On one hand, we have Quantum Field Theory to describe the

electromagnetic, strong, and weak interactions

m On the other hand, we have General Relativity to describe the
gravity, as the dynamics of curved spacetime
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Absence of Quantum Gravity

m On one hand, we have Quantum Field Theory to describe the

electromagnetic, strong, and weak interactions

m On the other hand, we have General Relativity to describe the
gravity, as the dynamics of curved spacetime

m However, QFT and GR are Not Compatible at their face values!

[Planck & Einstein]
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| 5‘, =
heoretical physics is

but not yet c%rﬁplete
/ Vi
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Parameter Space in Gravity Tests

Kramer 2017
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First detection!

9:50:45 UTC, 14 September 2015

N

Gravitational-wave Data

LIGO Hanford signal

LIGO Livingston signal
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Gravitational Waveform (time bomain)

“Inspiral” “Ringdown”
post-Newtonian method BH perturbation
|

“Merge”

Effective-one body (EOB): Buonanno & Damour 1999, 2000 . .
Bohé, Shao, Taracchini et al. 2017 Numerical relativity
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Gravitational Waveform (time bomain)

m Inspiral: post-Newtonian expansion

“Inspiral” “Ringdown”
post-Newtonian method BH perturbation
“Merge”

Effective-one body (EOB): Buonanno & Damour 1999, 2000 . .
Bohé, Shao, Taracchini et al. 2017 Numerical relativity
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Gravitational Waveform (time bomain)

m Inspiral: post-Newtonian expansion

m Merger: numerical relativity

“Inspiral” “Ringdown”
post-Newtonian method BH perturbation
“Merge”

Effective-one body (EOB): Buonanno & Damour 1999, 2000 . .
Bohé, Shao, Taracchini et al. 2017 Numerical relativity
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Gravitational Waveform (time bomain)

m Inspiral: post-Newtonian expansion
m Merger: numerical relativity

m Ringdown: black hole perturbation

“Inspiral” “Ringdown”
post-Newtonian method BH perturbation
Effective-one body (EOB): Buonanno & Damour 1999, 2000 _Merge .
Bohé, Shao, Taracchini et al. 2017 Numerical relativity
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Eccentric Waveform (time bomain)
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SEOBNRE: Cao & Han 2017; Liu, Cao, Shao 2020; Liu, Cao, Zhu 2021
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Matched Filter

m Matched fitlering is a standard analysis method for wideband

time series data [Finn 1992]

(glk)=2 | S0 df
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Matched Filter

m The power of matched fitlering lays in its ability/sensitivity to

the phase of time-series data

Advanced LIGO WHITENED strain data
near GW150914 near LVT151012 near GW151226

—— H1 strain
simulation

H1 whitened strain

L1 strain
simulation

L1 whitened strain

0.325 0.350 0.375 0.400 0.425 0.450 0.350 0.375 0.400 0.425 0.450 0.475 0.550 0.575 0.600 0.625 0.650 0.675
time (s) +1.126259462e9 time (s) +1.1286789e9 time (s) +1.13513635e9

Credit: Vivien Raymond / Cardiff U.
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Parameter Estimation
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Credit: Vivien Raymond / Cardiff U.
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Parameter Estimation: GW150914

m GW data encode plenty of information of GW sources

m Apply matched filter to data & theory
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Parameter Estimation: GW150914

m GW data encode plenty of information of GW sources
m Apply matched filter to data & theory

Primary black hole mass 36f§ M,
Secondary black hole mass 29:‘: M,
Final black hole mass 62:‘: Mg
Final black hole spin 0-67f8f8;
Luminosity distance 410:1868 Mpc
Source redshift z 0.09:()):82

LIGO/Virgo 2016, PRL
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GW Transient Catalog GWTC-1 (LIGO/Virgo 2019)

Type my [Mg] my [Mg] d; [Mpc] Redshift z
GW150914 BBH 356745  30.6'5% 43071%  0.09799%
GW151012 BBH  23.371%° 13.675F 1060755 0.21739%
GW151226 BBH  13.7/8%  7.732  440*1%  0.09°%%
GW170104 BBH  31.0°7F 20.1%45  960%5  0.19°0F
GW170608 BBH  10.9%5% 76743 3207120 0.07+3%
GW170729 BBH  50.671%% 34.3%%, 27507130 0.48%013
GW170809 BBH 352783  23.8%3% 990730  0.20%00°
GW170814 BBH  30.773] 253739 58073  0.12%09%%
GW170817 BNS  1.467012 127%008 40%10  0.0119%
GwW170818 BBH  35.57,%5 26.87%3 102073 0.207%%7
GW170823 BBH  39.671%0 29483 18507840 034791
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Sigl‘lﬂ'S Of GW EventS (Frequency Domain)

Characteristic Strain
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Liu, Shao, Zhao, Gao 2020, MNRAS [arXiv:2004.12096]
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https://arxiv.org/abs/2004.12096

GWTC-1: Sky Position (LIGO/Virgo 2019)

GW170818-HLV

GW170608
GW170729

GW170817-HLV
GW170814-HLV
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Graviton Dispersion Relation

m GR: massless spin-2 metric field = E=p
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Graviton Dispersion Relation

m GR: massless spin-2 metric field = E=p

m Lorentz-invariant massive graviton = E2=p?+nP
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Graviton Dispersion Relation

m GR: massless spin-2 metric field = E=p
m Lorentz-invariant massive graviton = E2=p?+nP

m Both the phase velocity E/p and the group velocity 0E/op
depend on the energy/frequency of graviton
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Graviton Dispersion Relation

m GR: massless spin-2 metric field = E=p
m Lorentz-invariant massive graviton = E2=p?+nP
m Both the phase velocity E/p and the group velocity 0E/op
depend on the energy/frequency of graviton
m GWs gain frequency-dependent time delays when they arrive at
the Earth
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Graviton Dispersion Relation

m GR: massless spin-2 metric field = E=p
m Lorentz-invariant massive graviton = E2=p?+nP
m Both the phase velocity E/p and the group velocity 0E/op
depend on the energy/frequency of graviton
m GWs gain frequency-dependent time delays when they arrive at

the Earth
m In a FRW spacetime, one has [will 1998, PRD57:2061]

D /1 1
At,=(1+z At+(—)

Spacetime Symmetries with GWs TeV Workshop 16 /29



Propagation of GWs

m The extra time delay results in a phase shift in h(f) « e™()

m2DM

— m(wﬂ/ﬁ)’1

V(f) = Wgr(f)
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Propagation of GWs

m The extra time delay results in a phase shift in h(f) « e/V(")

m2DM

I GEE R

V(f) = Wgr(f)

m On the other hand, the waveform is totally calculable and
deterministic in GR
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Propagation of GWs

m The extra time delay results in a phase shift in h(f) o e/V()

m2DM

R

V(f) = Wgr(f)

m On the other hand, the waveform is totally calculable and
deterministic in GR

m Therefore, GWs provide an observational window to the

dispersion relation of graviton
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Propagation of GWs with Lorentz Violation

m Lorentz violation occurs in a few quantum gravity candidate

theories [Kostelecky & Samuel 1989; Amelino-Camelia 2013]
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Propagation of GWs with Lorentz Violation

m Lorentz violation occurs in a few quantum gravity candidate

theories [Kostelecky & Samuel 1989; Amelino-Camelia 2013]

m Dispersion relation of GWs with isotropic Lorentz violation

[Mirshekari, Yunes, Will 2012]

E2 — ,0202 + mSCA' +Apaca

where my is the graviton mass; A and o are two

Lorentz-violating parameters
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Lorentz-violating Propagation of GWs
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Spacetime Symmetries with GWs
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Lorentz-violating Propagation of GWs
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LIGO/Virgo 2021
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Lorentz-violating Propagation of GWs
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But... such a combination is problematic in general

LIGO/Virgo 2021
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Standard-model Extension

m The most generic linearized gravity has the Lagrangian

[Kostelecky & Mewes 2018]

1 a
L’C(d) = ZhIJVIC(d)IJV’DO_hpc'

where ]@(d)‘UVPO' — f(d)upoi; "2""'d72ai1 aig .. .al-d72
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Standard-model Extension

m The most generic linearized gravity has the Lagrangian

[Kostelecky & Mewes 2018]

1, -

where ]@(d)‘UVPO' — f(d)upoi; "2""'d72ai1 aig .. .al-d72

m |t predicts a modified dispersion relation for GWs

o= (1-0= e+ @+ @)
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Standard-model Extension

w= (1 -0 @ ) s

de 4Y/m n)k(d
dm

2 —ay i @ 4 @
"F i = w0l Vim(i) [ (Eym T Ik(B)jm]
dm

_ S (d
=) 4Y/'m(")k((v3jm

dm

m Therefore, gravitons of different polarization or frequency,

coming from different directions have different velocity
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GWTC-1 Events

A simplified/naive approach: |cwcwAt| < 21/p

GW150914
GW151012
GW151226
GW170104
GW170608
GW170729
GW170809
GW170814
GW170817
GW170818
GW170823

GW170818-HLV

GW170608
GW170729

GW170817-HLV
w GW170814-HLV

Probablity density

2.00 2.25 2.50 2.75 3.00 3.25 3.50
log1ofew [Hz]

We have all the information available to perform the test

Shao 2020, PRD101:104019
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Anisotropic Birefringence combined search
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We have all the information available to perform the test

Shao 2020, PRD101:104019
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Matched Filter Analysis
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Mewes, PRD99:104062
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Monte Carlo Markov-Chain Runs

- 05
Sp0 = —0.0%32

F— +05
S10 = —0.31352

S10

050,05

N,
‘6

ReS;; = —0.249

N

N,

Imsy; = —0.3*3

Res;;
\
5059, %%

S11

Ims;
0050 0 0

N,

N

© 20 2.0 ,0. 590 2,0 ,0 %990 2,0 ,0.%50_%.0
/‘\//QQQ’\//’\/QQQ'\/N/DQQ\/\/DQQ‘\

o s Resn meu Liu et al., PRD102:024028

Lijing Shao ( Spacetime Symmetries with GWs TeV Workshop 26 /29



Summary

m The most generic propagation of GWs depends on
m GW frequency
m GW polarization
m GW source direction

Spacetime Symmetries with GWs TeV Workshop



Summary

m The most generic propagation of GWs depends on
m GW frequency
m GW polarization
m GW source direction
m For the first time, we combined 11 GW events in the catalog
GWTC-1, and bounded multiple coefficients for generic
Lorentz/CPT violation

Lijing Shao (3 = &) Spacetime Symmetries with GWs TeV Workshop 27 /29



Summary

m The most generic propagation of GWs depends on
m GW frequency
m GW polarization
m GW source direction
m For the first time, we combined 11 GW events in the catalog
GWTC-1, and bounded multiple coefficients for generic
Lorentz/CPT violation

m GWTC-2 improves Lorentz/CPT-violating bounds by another

factor of 5 [wang, Shao, Liu, in prep.]
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Sources

Gravitational
wave period (s)

Gravitational wave
frequency (Hz)

Detectors

Age of
Universe

1078 10
-«

Cosmic microwave
background
polarisation

The early Universe

Binary supermassive black holes

Compact binary systems
-«

Pulsars
Compact stars captured by
supermassive black holes Supernovas
-— -

Years Hours

10?10 10®  10% 10"

Seconds

Milliseconds

104

102 10° 107
Pulsar timing Space interferometers  Terrestrial
interferometers

Only a tiny part of GW spectrum was revealed by now
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Stay tuned!
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