That would be one of the most fascinating things

man could do, because it would tell you very much
how the universe started.

— Rainer Weiss
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GW150914: Binary Black Hole

m September 14, 2015: Advanced Laser Interferometer
Gravitational-Wave Observatory (AdvLIGO)

First detection!

9:50:45 UTC, 14 September 2015
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LIGO/Virgo 2016 [1602.03837]
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GW170817: Binary Neutron Star

m August 17, 2017: Advanced LIGO & Advanced Virgo

Figure Credit: M. Weiss
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GW170817: Binary Neutron Star

m August 17, 2017: Advanced LIGO & Advanced Virgo

How do data tell stories?

LIGO/Virgo 2017 [1710.05832]
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Sources

Wave period

Wave
frequency

Detectors

Radio pulsar timing arrays

Extreme-mass-

rationspirals .

1 10?
Seconds Milliseconds

Space-based interferometers Terrestrial interferometers



GW Roadmap in the 2020s and 2030s

Past: BH & NS binaries by LIGO/Virgo

Opened a completely new window on the Universe!
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= a tenfold increase in sensitivity = study compact
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GW Roadmap in the 2020s and 2030s

Past: BH & NS binaries by LIGO/Virgo

Opened a completely new window on the Universe!

Future: 1078 to 10* Hz = exploring fundamental questions

m Einstein Telescope and Cosmic Explorer
= a tenfold increase in sensitivity = study compact
object evolution to the beginning of the star formation era
m LISA (mHz to 0.1 Hz) < evolution of BHs from the early
Universe through the peak of the star formation era

m PTAs (nHz to uHz) < past mergers of SMBHBs
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Michelson Interferometer

m Quadrupolar h ~ 6L/L )
® “+”and “x” modes GWSQ.

GW propagation
direction

Bailes et al. 2021

Lijing Shao (&; & & Gravity Tests via GWs BIE: %) 3:] 10/138



Michelson Interferometer

m Quadrupolar h ~ 6L/L

® “+” and “x” modes GW SQ GW propagation
direction
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GW strain

GW strain
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Ground-based Detectors j o

RN

m Frequency: 10Hz to 10 kHz GW strain il

GW propagation
direction
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Ground-based Detectors j e

A

: GW propagation
direction

m Frequency: 10Hz to 10kHz GWsna.n
m Sources: h~ 102" and 5L ~ 108 m

m Stellar-mass compact sources: BHs and NSs
m Supernovae

m Isolated NSs
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Ground-based Detectors j T

A

: GW propagation
direction

m Frequency: 10Hz to 10kHz owsua.n
m Sources: h~ 102" and 5L ~ 108 m
m Stellar-mass compact sources: BHs and NSs
m Supernovae
m Isolated NSs
m Detectors: can be effectively treated as in free fall (i.e. local
inertial frame) in the direction of light propagation (Why?)
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Ground-based Detectors B‘hl

m Noise budget "
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Ground-based Detectors Blhl.

m Noise budget "

m Seimic noise: suspension system reduces by ~ 10'2 from 1 Hz
to 10Hz
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Ground-based Detectors Blhl.

m Noise budget
m Seimic noise: suspension system reduces by ~ 10'2 from 1 Hz
to 10Hz
m Thermal noise: thermally fluctuating stresses in the mirror
coatings, substrates and suspensions
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Ground-based Detectors Blhl

m Noise budget *

m Seimic noise: suspension system reduces by ~ 10'2 from 1 Hz
to 10Hz

m Thermal noise: thermally fluctuating stresses in the mirror
coatings, substrates and suspensions

= Newtonian noise (or, dynamic gravity gradient): earth and
atmospheric density perturbations

® Quantum noise: vacuum fluctuations of EM field

and quantum radiation pressure noise (by photons’ “kicks”)
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Ground-based Detectors

m Noise budget 4

m Seimic noise: suspension system reduces by ~ 10'2 from 1 Hz
to 10Hz

m Thermal noise: thermally fluctuating stresses in the mirror
coatings, substrates and suspensions

= Newtonian noise (or, dynamic gravity gradient): earth and
atmospheric density perturbations

® Quantum noise: vacuum fluctuations of EM field
and quantum radiation pressure noise (by photons’ “kicks”)

B Others: laser frequency and intensity noises, acoustically and seismically driven
scattered light noises, sensor and actuator noises, stochastic forces from

electrical and magnetic fields, energy deposited by energetic particles, etc.
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Ground-based Detectors
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Ground-based Detectors

m O2 Noise Curve

10-10 l
§ 102 1 ] Hi
<
=
c
g \J‘ ( 1 | Hl I
= ]
wn 102 | R 1
\H}' ' :
o ol Ll L
10 100 1,000

Frequency (Hz)

LIGO/Virgo 2019 [1811.12907]
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https://arxiv.org/abs/1811.12907

Ground-based Detectors

m What have we learned? (BBHSs)
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Ground-based Detectors

= What have we learned? (BBHs)
There is a population of BHs paired in orbitally bound binary
systems that evolve through the emission of GWs and merge in
less than a Hubble time
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Ground-based Detectors

m What have we learned? (BBHSs)

There is a population of BHs paired in orbitally bound binary
systems that evolve through the emission of GWs and merge in
less than a Hubble time

BHs of many tens and even hundreds of M, exist in nature
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Ground-based Detectors

m What have we learned? (BBHSs)

There is a population of BHs paired in orbitally bound binary
systems that evolve through the emission of GWs and merge in
less than a Hubble time

BHs of many tens and even hundreds of M, exist in nature

Properties of the observed BHs are entirely consistent with GR
to within current measurement limits
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Ground-based Detectors

m What have we learned? (BNSs)
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Ground-based Detectors

m What have we learned? (BNSs)
m 15t demonstration of GW-EM multi-messenger astronomy

El 15t definitive link between BNS mergers and short GRBs
15t definitive observation of a kilonova
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Ground-based Detectors

m What have we learned? (BNSs)
m 15t demonstration of GW-EM multi-messenger astronomy
El 15t definitive link between BNS mergers and short GRBs
1st definitive observation of a kilonova
conclusive spectroscopic proof that BNS mergers produce
heavy elements through r-process nucleosynthesis
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Ground-based Detectors

m What have we learned? (BNSs)
m 15t demonstration of GW-EM multi-messenger astronomy
El 15t definitive link between BNS mergers and short GRBs
1st definitive observation of a kilonova
conclusive spectroscopic proof that BNS mergers produce
heavy elements through r-process nucleosynthesis
15t demonstration that GWs travel at the light speed to better
than ~ 10"°
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Ground-based Detectors

m What have we learned? (BNSs)
m 15t demonstration of GW-EM multi-messenger astronomy

El 15t definitive link between BNS mergers and short GRBs

1st definitive observation of a kilonova

conclusive spectroscopic proof that BNS mergers produce
heavy elements through r-process nucleosynthesis

15t demonstration that GWs travel at the light speed to better
than ~ 10'°

an independent method for measuring the Hubble constant
using detected GWs as a
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3G Ground-based GW Detectors

Einstein Telescope
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4-km filter cavity Bailes et al. 2021
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3G Ground-based GW Detectors

m Cosmic Explorer

14+1.4M, Sa 30+30M,
NS+NS /% BH+BH

m Einstein Telescope

Credit: Evan Hall

Gravity Tests via GWs



Space-based Detectors

m LISA: 100 uHz—100 mHz, 2.5 x 10°m

m seedBHs @ z ~ 20
m IMBHs and SMBHSs: 10>-10" M,

m EMRIs: extreme mass ratio inspirals

m Galactic binaries: mapping Milky Way

Credit: LISA Consortium
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Space-based Detectors

m LISA Pathfinder: 2015 — mid-2017
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Pulsar Timing Arrays

m Pulsars: magentized rotating NSs

m TOAs: time of arrivals (o < 1 us)

Mean pulse profile

Rotation axis Reference clock TOA

V—»

- Telescope
A Receiver

Radio bean]\ e . De-dispersion

and on-line folding

Neutron star

Bailes et al. 2021
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Credit: David Champion

Correlation

Hellings & Downs curve

T T T
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Angle between pulsars (°)
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Credit: Shami Chatterjee
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Key Evidence

m NANOGrav PTA = 3o

(c)
T T T i 08T T ™
F o~ ] 0.6 E
NN . e 7=13/3 <
S 04 E
[ TAL 1 =
O/ 5 o2 T T 4=
): = N\, T »
Vo I j 00 TIT L
- N+ oY . \i :[ T l
N e
*\\ 1 02fF A
! l l | A P ST N - L TN e
875 -850 -825 —800 -7.75 0 3 60 9 120 150 180
log,o(Frequency [Hz]) Separation Angle Between Pulsars, &, [degrees]
(b) (d)
T T T T T T T T T
YowB=133 09 ¥ varied |
L L
0.6 n
® V -
a o g 2
zw 503 o
< e 1 = D A £
o H 0.0 —
)
N o3f, oot 1
’Ib 0 30 60 90 120 150 180

Separation Angle Between Pulsars, & [degrees]

Agazie et al. 2023, ApJL [2306.16213]
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Key Evidence

m European PTA = 30 [inconsistency?]
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Key Evidence

m Parkes PTA =~ 20

"

| i
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Sky separation angle, ¢ (degrees)

Correlation coefficient, I'
Number of pulsar pairs

20

Reardon et al. 2023, ApJL [2306.16215]
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Key Evidence

m Chinese PTA 4.60 [one single frequency?]

Evidence for

nHz Grav1tat10na] Waves

20 8 e

Xu et al. 2023, RAA [2306.16216]
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CMB Polarization

m B-mode polarization: down to 10~ 18 Hz

m remnant primordial GWs
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Fundamental Physics

m Testing GR and modified theories of gravity

m information loss, contradicting quantum, singularity, late-time
acceleration

Sathyaprakash & Schutz 2009 [0903.0338]; Bailes et al. 2021
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Fundamental Physics

m Testing GR and modified theories of gravity

m information loss, contradicting quantum, singularity, late-time
acceleration

m Equation of state of ultra-high density matter

m low-energy QCD
m phase transition?

Sathyaprakash & Schutz 2009 [0903.0338]; Bailes et al. 2021
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Fundamental Physics

m Testing GR and modified theories of gravity

m information loss, contradicting quantum, singularity, late-time
acceleration

m Equation of state of ultra-high density matter

m low-energy QCD
m phase transition?

m Exploring dark matter properties with GW observations

m WIMPs, axions , primordial BHs

Sathyaprakash & Schutz 2009 [0903.0338]; Bailes et al. 2021
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Cosmology

m Standard Sirens

m Hubble constant

m dark energy equation of state

m energy Universe < stochastic backgrounds

Planck
SHoES

p(H, | GW170817) (km™' s Mpc)
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LIGO/Virgo + EM Groups 2017 [1710.05835]
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https://arxiv.org/abs/1710.05835

Astrophysics

m Formation and evolution of compact stars
m BH-BH, BH-NS, NS-NS, supernovae, etc.

m SMBH growth and evolution
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Zhang, Shao, Zhu 2019 [1903.02685]
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Multi-messenger

m Gravitational waves
m y-ray, X-ray
m UV, optical, IR
m Optical

m y-ray bursts
m kilonovae

m afterglows

Abbott et al. 2017 [1710.05833]
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Thanks!!!
Any question?
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General Relativity

1 8rG
R/JV - égqu" - ?Tyu

“Matter tells spacetime how to curve, and spacetime tells matter how fo

move.”
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Einstein Field Equations

Einstein Field Equations in a Nutshell

Gw = Rw — %gu,,l? = &CTfTW
where
R = g"Ru
Ruw = g% Rowov
RVHPU = ryw,p B rvup,o + ryﬂp FAW B ryﬂcr rAup
M = %g“” (9w + Gros — Gio)
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Perturbation of g,,

m In order to study GWs, we assume there exists a coordinate

system where the spacetime of interests has

[ Gw = Nw + h;,n/; ‘hyy‘ <1 ]
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Perturbation of g,,

m In order to study GWs, we assume there exists a coordinate

system where the spacetime of interests has

[ Gw = Nw + h;,n/; ‘hyy‘ <1 ]

m Consider a Lorentz transformation x* — A", x”, we have
Gw = G (X') = NN Goo = M + NN Poo (X) = Nv + ], (X)

where we have used N7 A% npe = N
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Perturbation of g,,

m In order to study GWs, we assume there exists a coordinate

system where the spacetime of interests has

[ Gw = Nw + h;,n/; ‘hyy‘ <1 ]

m Consider a Lorentz transformation x* — A", x”, we have
Gw = G (X') = NN Goo = M + NN Poo (X) = Nv + ], (X)

where we have used N7 A% npe = N
m Therefore, hy, can be viewed as a tensor field in a flat

spacetime
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Perturbation of g,,
m Now consider a coordinate transformation

xH — XM = xH+ EH(x), [046] < |hwl
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Perturbation of g,,
m Now consider a coordinate transformation
XM — XM= xH 4+ EH(X),  [0ub| < |huw|
m The metric becomes

P OxP Ox°
g,uV(X) — g,uv (X) = mwgpa(x)
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Perturbation of g,,
m Now consider a coordinate transformation
XM — XM= xH 4+ EH(X),  [0ub| < |huw|
m The metric becomes
Gux) — Gy () = S O g0 (x)

m Keeping leading-order terms,

g;w = Nw — Oy — Ouéy + hw + O (§2>
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Perturbation of g,,
m Now consider a coordinate transformation
xH — XM= xM 4 EH(x),  |0u&| < |hw

m The metric becomes

P OxP Ox°
g,uV(X) — g,uv (X) = mwgpa(x)

m Keeping leading-order terms,
g;w =Nw — aufy - ayfv + hyv +0O (§2>
m Therefore, h,, satisfies

h;xv - hyv - §y,v - fv,y; <1

/
M
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Perturbation of g,,
= Keeping the leading-order terms of h,,, we have'
14 1 V.
Mo =5 2 (3phau + Ouhae — Oahyp)
R oo =00 — ol + O (1)

1
Ruwpo ) (Opr M + Oouhop — Spuhve — avhup)

"Homework ;-)
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Perturbation of g,,
= Keeping the leading-order terms of h,,, we have'
14 1 V.
Mo =5 2 (3phau + Ouhae — Oahyp)
2
R oo =00 — ol + O (1)
1
Ruwpo = D) (Oov e + ouhve — Spuhvo — Oovhyp)

m A direct calculation shows that, under the change of

hw — hw — 0y — 0,€,, the Rieman tensor does not change

"Homework ;-)
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Equation of GWs
m Define a trace-reverse tensor,
v — pv 1nwh
2

which satisfies h = n,gh®® and h= —h
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Equation of GWs

m Define a trace-reverse tensor,

v — pv %n‘”h

which satisfies h = n,gh®® and h= —h
m With a linearized metric, the Einstein field equations become

_167TG

o+ 1100 iz = 88, oo — 5P +0 (1) = ——2= Tio
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Equation of GWs

m Introduce Lorenz gauge (a.k.a. harmonic gauge, De Donder

gauge)
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Equation of GWs

m Introduce Lorenz gauge (a.k.a. harmonic gauge, De Donder

gauge)

m We finally obtain a wave equation

_167TG Too

|:JI’)VO" — C4
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Equation of GWs

m If A% does not satisfy Lorenz gauge, namely

ouh” =q" #0
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Equation of GWs

m If A% does not satisfy Lorenz gauge, namely
ouh” =q" #0
m We can always perform a coordinate transformation, s.t.

P = P — uy — Evpu+ M (9pEP)
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Equation of GWs

m If A% does not satisfy Lorenz gauge, namely
ouh” =q" #0
m We can always perform a coordinate transformation, s.t.
P = P = &y — Eopu + M (9p6°)

m as long as [J¢, = g,, we can obtain 0,/*" = 0 (i.e., Lorenz
gauge)
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Equation of GWs
m If A% does not satisfy Lorenz gauge, namely
ouh” =q" #0
m We can always perform a coordinate transformation, s.t.
P = P = &y — Eopu + M (9p6°)

m as long as [J¢, = g,, we can obtain 0,/*" = 0 (i.e., Lorenz
gauge)

m Lorenz gauge reduces the d.o.f.s of A, from 10 to 6

Lijing Shao (&; s &) Gravity Tests via GWs BIE: %) 5] 46 /138



Transverse Traceless Gauge

® Invacuum, T, = 0, therefore

Ohy =0

thus, GWs propagate with the speed of light
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Transverse Traceless Gauge

® Invacuum, T, = 0, therefore

Ohy =0

thus, GWs propagate with the speed of light

m On top of the Lorenz gauge, consider x'# = x# 4 &#
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Transverse Traceless Gauge

® Invacuum, T, = 0, therefore

Oh, =0

thus, GWs propagate with the speed of light
m On top of the Lorenz gauge, consider x'# = x# 4 &#

m as long as [§, = 0, the Lorenz gauge is preserved
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Transverse Traceless Gauge

® Invacuum, T, = 0, therefore

Oh, =0

thus, GWs propagate with the speed of light
m On top of the Lorenz gauge, consider x'# = x# 4 &#

m as long as [§, = 0, the Lorenz gauge is preserved
m Now hy,, becomes
E//.xv = /_7;11/ + fyv

where §,, = NwOEP — Euy — &y, Satisfying L€, = 0
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Transverse Traceless Gauge

m With it, d.o.f.s of hy, are reduced from 6 to 2; specifically
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Transverse Traceless Gauge

m With it, d.o.f.s of hy, are reduced from 6 to 2; specifically

m choose £, s.t. h=0 (now, hy, = hy,)
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Transverse Traceless Gauge

m With it, d.o.f.s of hy, are reduced from 6 to 2; specifically
m choose £, s.t. h=0 (now, hy, = hy,)
m choose &/, s.t. W0 =0
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Transverse Traceless Gauge

m With it, d.o.f.s of hy, are reduced from 6 to 2; specifically
m choose £°, s.t. h= 0 (now, hy, = hy)
m choose &/, s.t. W0 =0
m As for now, we know from the u = 0 component of the Lorenz
gauge 0,h* = d,h* = 0 that 9yh°® = 0 (we take h% = 0)
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Transverse Traceless Gauge

m With it, d.o.f.s of hy, are reduced from 6 to 2; specifically
m choose £, s.t. h=0 (now, hy, = hy,)
m choose &/, s.t. W0 =0

m As for now, we know from the u = 0 component of the Lorenz
gauge 9, h* = 9,h* = 0 that 9gh% = 0 (we take h°® = 0)

m Overall, we call the following transverse-traceless gauge

R0 = h' =h"=0, oh =0

We denote GWs in TT gauge as h;"
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TT
h/j
m For a plane wave, 9;h = 0 means ﬁ"h}jT =0, where h = k/k is

the propagating direction
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At
m For a plane wave, 9;h = 0 means F)"h}j'r =0, where h = k/k is
the propagating direction
m Without losing generality, we consider GWs propagating along

zZ-axis, and we have

h;-fr(t, z)=| hx —hy 0 |cos [oo (1‘— E)}

where h, and hy are two independent polarizations
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TT
hij
m If we rotate about z axis by an angle y,

hy + ihy — eT2¥ (h, +ih,)

Therefore, gravitons are spin-2 particles
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TT
h;

m If we rotate about z axis by an angle y,

hy + ihy — eT2¥ (h, +ih,)

Therefore, gravitons are spin-2 particles

m What are gravitons?
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Standard Model of Elementary Particles and Gravity

three generations of matter

mass  =2.2 MeV/c?

charge %
spin | ¥ u
up
=4.7 MeV/c*

-
» d
down

=0.511 MeV/c*
-1

% €

electron

<1.0 eVic*

electron
neutrino

(fermions)

=1.28 GeVic?

charm

=96 MeV/c*

strange

=105.66 MeV/c*

<0.17 MeV/c?
0

v VY

muon
neutrino

=173.1 GeVic?
%

«

top

=4.18 GeV/c*
%

» b

=1.7768 GeV/c*
-1

%

tau

<18.2 MeV/c*
0

% V’t

tau
neutrino

interactions / force carriers

0

0

o
gluon

0

0

}/

photon

-91.19 GeV/c?
.
Z boson

=80.39 GeV/c*

Gravity Tests via GWs

(bosons)

=124.97 GeVlfc? 0

0 0

» H : G
higgs graviton
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Projection Operators

m For a given direction n, introduce

P,(h) :5,']' — f)iﬁj

» 1
Niwi () =Pic Py — 5 PPy
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Projection Operators

m For a given direction n, introduce

P,(h) :5,']' — f?,'ﬁj
N 1
Niwi () =Pic Py — 5 PPy
m If hy describes GWs in Lorenz gauge (not necessarily TT
guage), then
h,'/' = /\ijklhkl

satisfies TT gauge
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GW Detections

m Now we consider a local free fall (FF) coordinate (note: not a
TT gauge!)

2|t can be obtained from geodesic equation; see Sec. 3.3 in arXiv:0709.4682
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GW Detections

m Now we consider a local free fall (FF) coordinate (note: not a
TT gauge!)

m In FF coordinate, we have g,,(P) = 7, and I, (P) =0

2|t can be obtained from geodesic equation; see Sec. 3.3 in arXiv:0709.4682

Lijing Shao (&; s &) Gravity Tests via GWs BIE: %) 5] 52/138


https://arxiv.org/abs/0709.4682

GW Detections

m Now we consider a local free fall (FF) coordinate (note: not a
TT gauge!)
® In FF coordinate, we have g, (P) = 1 and I, (P) =0
m LIGO/Virgo/KAGRA are obviously not in a FF state

2|t can be obtained from geodesic equation; see Sec. 3.3 in arXiv:0709.4682
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GW Detections

m Now we consider a local free fall (FF) coordinate (note: not a
TT gauge!)
® In FF coordinate, we have g, (P) = 1 and I, (P) =0
m LIGO/Virgo/KAGRA are obviously not in a FF state
m However , it is a good approximation for some frequency bands
(e.g- ~ 100Hz)

2|t can be obtained from geodesic equation; see Sec. 3.3 in arXiv:0709.4682
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GW Detections

m Now we consider a local free fall (FF) coordinate (note: not a
TT gauge!)
® In FF coordinate, we have g, (P) = 1 and I, (P) =0
m LIGO/Virgo/KAGRA are obviously not in a FF state
m However , it is a good approximation for some frequency bands
(e.g- ~ 100Hz)

m Without proof,” we denote that for two nearby particles,

d2§j _ 1 "TTé-k
aE 2

2|t can be obtained from geodesic equation; see Sec. 3.3 in arXiv:0709.4682
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GW Detections

m Consider particles on a ring whose norm is in z-direction

Notice that, amazingly, now it is a Newtonian-like force!
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GW Detections

m Consider particles on a ring whose norm is in z-direction
m With a “+” mode GW,

1 0
hit = h, o 1 sin cot

Notice that, amazingly, now it is a Newtonian-like force!
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GW Detections

m Consider particles on a ring whose norm is in z-direction
m With a “+” mode GW,

1 0
h}T:m(O 1 )sinwt

m Relative to the center, particles’ position becomes
§i = [xo +6x(t), yo + 6y(1)]

Notice that, amazingly, now it is a Newtonian-like force!
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GW Detections

m Consider particles on a ring whose norm is in z-direction
m With a “+” mode GW,

1 0
h}T:m(O 1 )sinwt

m Relative to the center, particles’ position becomes

§i = [xo +6x(t), yo + 6y(1)]
m According to the equation on the previous slide, we obtain®

h
Sx(t) = %xo sin ot

oy(t) = —%yo sin cot

Notice that, amazingly, now it is a Newtonian-like force!
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GW Detections

m Similarly, a “x” mode GW gives

ox(t) = h?XyO sin oot

oy(t) = h?xxo sin cot
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GW Detections

m Similarly, a “x” mode GW gives
h>< .
ox(t) = — Yosin owt
oy(t) = h?xxo sin cot

m Therefore, we have the positions of particles as a function of

time,
% !»-- PN —m—s, =
(Y | { Y 34 3%
{ { p. H
o Vs t NP U y.
Time
'

] TI4 T2 3T/4 T
e N AT - “~..\
{ } ,'/ b ‘\’ )N Ny }
AN [ T S J i’
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GW Polarizations in Alternative Gravity

(d)

Lijing Shao (# %

(b)

Eardley et al., PRD 8 (1973) 3308; Will 2014 [1403.7377]

Gravity Tests via GWs

(4]
.y -
.. —".
(f)

LR
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GW Generation

m As GR is highly nonlinear, it is impossible to obtain analytic

solutions in a generic setting
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GW Generation

m As GR is highly nonlinear, it is impossible to obtain analytic

solutions in a generic setting

m Here we only present some simple results
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GW Generation

m As GR is highly nonlinear, it is impossible to obtain analytic
solutions in a generic setting
m Here we only present some simple results

m For more details, see
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GW Generation

m As GR is highly nonlinear, it is impossible to obtain analytic

solutions in a generic setting
m Here we only present some simple results

m For more details, see

m Buonanno’s Les Houches Lecture [arXiv:0709.4682]
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GW Generation

m As GR is highly nonlinear, it is impossible to obtain analytic

solutions in a generic setting

m Here we only present some simple results
m For more details, see

m Buonanno’s Les Houches Lecture [arXiv:0709.4682]
m Michele Maggiore’s books Gravitational Waves (Vol | & Vol 1)
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GW Generation

= Under Lorenz gauge, 9,h* =0
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GW Generation

= Under Lorenz gauge, 9,h* =0
m Linearized Einstein equation becomes,

- 16wG
Dhyv = T TW
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GW Generation

= Under Lorenz gauge, 9,h* =0
m Linearized Einstein equation becomes,

DF,W _ _167TG

G W

m We make weak-field & slow-motion assumptions, and get

126 r

AT (%) = - = AR (1~ )

where
I .
M! = = /d3xT°°(t, X)x'x!

is mass quadrupole moment in Newtonian approximation
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GW Generation

m Take f = (cos @sin 8, sin @sin 8, cos 8) and insert into the

projection operator Ajyy(fi), then*

G
hy = s {M11 (sm @ — cos? 6 cos? <p)
+ Moy (cos2 @ — cos? B sin? q)) — Msg sin? 6
— M5 sin 29 (1 + cos? 9) + Mis cos@sin 28 + Mos sin 26 sin (p}

2G
rc*

—My3sin 8 sin @ + Mg cos @ sin 9}

hy = { (M11 Mgz) cos Bsin2¢ — Mi5 cos 6 cos 29

“Don’t be afraid & take it homework ;-)
58/138
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Binary Systems

m Consider a binary with masses my and mso
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Binary Systems

m Consider a binary with masses my and mso

m total M = my + mp, and reduced mass u = mymy/ (m; + my)
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Binary Systems

m Consider a binary with masses my and mso

m total M = my + mp, and reduced mass u = mymy/ (m; + my)

m Assume a circular orbit,

X(t) = Rcoswt, Y(t)= Rsinwt, Z(t)=0
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Binary Systems

m Consider a binary with masses my and mso

m total M = my + mp, and reduced mass u = mymy/ (m; + my)
m Assume a circular orbit,
X(t) = Rcoswt, Y(t)= Rsinwt, Z(t)=0
m Then the mass quadrupole moments are
M1 :%yﬂzﬁ + cos 2wt)
Moo :%yﬂzﬁ — cos 2wt)

1
Mo zéyﬂz sin 2cot
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Binary Systems

m Insert into expressions of h, & hy, we have

14G
Tt

hy (1) :17 i?yl—?zwz cos B sin(2ct)

(1 + cos®8)

—uR?w? cos(2wt)
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Binary Systems

m Insert into expressions of h, & hy, we have

14G
Tt

14
hy (1) :r;yﬁzwz cos B sin(2ct)

(1 + cos®8)

—uR?w? cos(2wt)

m These are the leading-order GW formuae that we frequently

use
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GW Radiation

m As GWs carry energy, the GW radiation reduces the binary’s
orbital energy

SGW frequency is twice that of the orbit, fow = /T
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GW Radiation

m As GWs carry energy, the GW radiation reduces the binary’s
orbital energy
m The orbital size becomes smaller, and the orbital frequency

becomes larger

SGW frequency is twice that of the orbit, fow = /T
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GW Radiation

m As GWs carry energy, the GW radiation reduces the binary’s
orbital energy

m The orbital size becomes smaller, and the orbital frequency
becomes larger

m At leading order,® with v = w/M and M = u¥5M,

~ ~

y
w? 5 c3

P96 g3 (GM 5/3f11/3
GW — 5 T C3 GW

2 _% <GMOO>5/3

SGW frequency is twice that of the orbit, fow = /T
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Separation of GWs from the Background

m On a curved, dynamical background metric

9w (X) = guw(X) + hw(X), ‘hw/| <1

such that satisfying (short-wave expansion) 4 < Lgor f > fg
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Separation of GWs from the Background

m On a curved, dynamical background metric

9w (X) = guw(X) + hw(X), ‘hw/| <1

such that satisfying (short-wave expansion) 4 < Lgor f > fg

= Ricci tensor: O(1), O(h), and O(h?)

Rw = Ru+RY +RZ + . .
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Separation of GWs from the Background

m On a curved, dynamical background metric

9w (X) = guw(X) + hw(X), ‘hw/| <1

such that satisfying (short-wave expansion) 4 < Lgor f > fg

= Ricci tensor: O(1), O(h), and O(h?)
Ruw = Ru + RY + R +

m R, : only low frequency
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Separation of GWs from the Background

m On a curved, dynamical background metric

9w (X) = guw(X) + hw(X), ‘hw/| <1

such that satisfying (short-wave expansion) 4 < Lgor f > fg

= Ricci tensor: O(1), O(h), and O(h?)
Ruw = Ru + RY + R +

m R, only low frequency
Rﬁ(l only high frequency
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Separation of GWs from the Background

m On a curved, dynamical background metric

9w (X) = guw(X) + hw(X), ‘hw/| <1

such that satisfying (short-wave expansion) 4 < Lgor f > fg

= Ricci tensor: O(1), O(h), and O(h?)
Rw = Ru+RY +RZ + . .

m R, : only low frequency
] Rﬁl): only high frequency
= RY): mixture of both
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Separation of GWs from the Background

m Master equations

- Low 877G 1 Low
Ryv = |:R‘l(13):| TF = <Tul/ - ég[.lv T>

1 o Hoh  8TG 1 High
A= " + 22 (5~ )

Lijing Shao (= &) Gravity Tests via GWs BIE: %) 5] 65/138



Separation of GWs from the Background

m Master equations

- Low 877G 1 Low
Ryv = |:R‘l(13):| TF = <Tul/ - ég[.lv T>

ct
1 o Hoh  8TG 1 High
A= " + 22 (5~ )

m low-frequency equation = energy-stress tensor of GWs
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Separation of GWs from the Background

m Master equations

- Low 877G 1 Low
Ryv = [R;(JE } + 7 <Tuu - ég[.w T>

o Hoh  8TG 1 High
w = [RA(JV)} + 7 <THV - ég“" T>

m low-frequency equation = energy-stress tensor of GWs
m high-frequency equation = propagating equation of GWs
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Low-frequency Equation

= oy1low  8mwG 1 Low

m If curvature is determined by GWs
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Low-frequency Equation

= oy1low  8mwG 1 Low

m If curvature is determined by GWs

m If curvature is determined by matter fields

Lijing Shao (&; s &) Gravity Tests via GWs BIE: %) 5] 66 /138



Low-frequency Equation

= o) low 8w G 1 Low

m If curvature is determined by GWs
m If curvature is determined by matter fields

m These two conclusions will be important for a later context
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Low-frequency Equation

m Difficulties with localized energy-stress tensor in GR
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Low-frequency Equation

m Difficulties with localized energy-stress tensor in GR

m Learn from renormalization group

“coarse-grained” form of the Einstein equation

= 1. - 8mG =
Rw — 59wR = A (Tw + tw)

where
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Low-frequency Equation

m In Lorentz gauge and with h = 0, one has

w = 32C4G <a apduh® >

fUse x'* = x* 4 &+
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Low-frequency Equation

m In Lorentz gauge and with h = 0, one has

w = 32C4G <a apduh® >

m Explicit calculations show that,® t,, only depends on the
physical modes fj;"

fUse x'* = x* 4 &+
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Low-frequency Equation

m In Lorentz gauge and with h = 0, one has

b = 32C4G <‘5 apduh® >

m Explicit calculations show that,® t,, only depends on the
physical modes fj;"

m Energy-momentum exchange between matters and GWs

fUse x'* = x* 4 &+
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Low-frequency Equation

m With energy-stress tensor for GWs, we can discuss many

aspects of GWs, e.g.,

= 1607jG (P + )
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Low-frequency Equation
m With energy-stress tensor for GWs, we can discuss many
aspects of GWs, e.g.,

m Similarly to the electromagnetism, we have

dE

00
dAdr ~ ¢
apk ok
dAar ~ !
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Low-frequency Equation

m We can have the energy radiation rate and the momentum

taken away by GWs,

c’r? / oo (T
dt 327TG

dPk _
dt 327TG

r2 / dQ h}j‘fakh;'f>
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Low-frequency Equation

m We can have the energy radiation rate and the momentum

taken away by GWs,

c’re / oo (T
dt 327TG

dPk _
dt 327TG

r2 / dQ h}j‘fakh;'f>

m as well as the energy spectrum

df _ e f22/dQ<h+ +

and so on

hetr)])
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High-frequency Equation

High 8T G 1 High
A = - [AZ]™" + 228 (T - 30uT)

High
= If T# = 0,7 one has AY) = — AL

(1) 2 h 1
2
2 2,2 h

"Now, according to the low-frequency equation, one has h ~ A/Lg
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High-frequency Equation

High 8T G 1 High
A = - [AZ]™" + 228 (T - 30uT)

High
= If T# = 0,7 one has AY) = — AL

(1) 2 h 1
2
2 2,2 h

m At leading order, RSV) =0

"Now, according to the low-frequency equation, one has h ~ A/Lg
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High-frequency Equation

High 87 G 1 High
A = - [AZ]™" + 228 (T - 30uT)

m If T* £ 0,2 one simply has R,(,l) =0

8Now, according to the low-frequency equation, one has h < A/Lg; also,
High
(Tw — 3gwT) ™™ =0 (WL3)
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High-frequency Equation

Hgh 87 G 1 Lk
R = — [R};’ﬁ)} +— <TW - ngT)

m If T* +£ 0,2 one simply has R,(,l) =0
m Imposing a generalized “Lorenz gauge” D’h,, = 0, one has a
wave equation in curved spacetime

0D, B — 0

8Now, according to the low-frequency equation, one has h < A/Lg; also,
High
(Tw — 3gwT) ™™ =0 (WL3)
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Pian of Lectures

N Overwew i
oy - Lecture duratlon~45 mm
~w What are GWs" &
w Lecture duratlon ~45min

‘||| Grawty Tests W|th GWs

Lecture duratlon o 90 min

" Contact: Ishao’@pku.edu.éh: »
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Modern Physics Landscape

m Standard Model

Jwi -\/@) \

m General Relativity
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How the Unlverse is Ruled | .
[ Partlcles of strong, weak electromagnetlc lnteractions
:. -ﬁlepmn '; ;/ee“ [LAY Dp LA+F-’A)/ Dy F:’A] S ) . _

o . '[,quark = %/ee“ [QA)/ Dy OA T UA)/ D)J UA + DA}/ Dp DA] g

' ;CYukawa = - [(GL)AB LA<PRB 4+ (GU)AB QA<P UB + (GD)AB QA‘PDB] 4 h (o

‘ LH.ggs = e [(DMD)T Dig—ifolo+ 5 <<P 4>) }

: " .
i Lguige= e [Tr(GWG“")—i-Tr(WWWW) b BWBW}
+. Spacetime of gravitational interaction

~

Sgravity = Z—K/d4xe(R—2A+...)
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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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Parameter Space in Gravity Tests

Kramer 2017
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Parameter Space in Gravity Tests

—qqlw_

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl GW

Wex 2014 [1402.5594]
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Parameter Space in Gravity Tests

m G1: Quasi-stationary weak-field regime

—9w_

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl GW

Wex 2014 [1402.5594]
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Parameter Space in Gravity Tests

m G1: Quasi-stationary weak-field regime

m G2: Quasi-stationary strong-field regime

ey

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl G2 G3 GW

Wex 2014 [1402.5594]
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Parameter Space in Gravity Tests

m G1: Quasi-stationary weak-field regime
m G2: Quasi-stationary strong-field regime

m G3: Highly dynamical strong-field regime

ey

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl G2 G3 GW

Wex 2014 [1402.5594]

Lijing Shao (% &) Gravity Tests via GWs BIE: %) 5] 80/138


https://arxiv.org/abs/1402.5594

Parameter Space in Gravity Tests

m G1: Quasi-stationary weak-field regime
m G2: Quasi-stationary strong-field regime

m G3: Highly dynamical strong-field regime

ey

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl G2 G3 GW

m GW: Radiation regime

Wex 2014 [1402.5594]
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First detection!

9:50:45 UTC, 14 September 2015

ﬂ

Gravitational-wave Data

LIGO Hanford signal

LIGO Livingston signal
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Gravitational Waveform (rime bomain)

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

Bohé, Shao, Taracchini et al. 2017 [1611.03703] Numerical relativity
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Gravitational Waveform (rime bomain)

m Inspiral: post-Newtonian expansion

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

“Mergel!

Bohé, Shao, Taracchini et al. 2017 [1611.03703] Numerical relativity
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Gravitational Waveform (rime bomain)

m Inspiral: post-Newtonian expansion

m Merger: numerical relativity

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

“Mergel!

Bohé, Shao, Taracchini et al. 2017 [1611.03703] Numerical relativity
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Gravitational Waveform (rime bomain)

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

m Ringdown: black hole perturbation

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

“Mergel!

Bohé, Shao, Taracchini et al. 2017 [1611.03703] Numerical relativity
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Eccentric Waveform (time bomain)
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Cao & Han 2017 [1708.00166]; Liu, Cao, Shao 2020 [1910.00784]; Liu, Cao, Zhu 2021 [2102.08614]; Liu, Cao, Shao 2023
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Matched Filter

m Matched fitlering is a standard analysis method for wideband

time series data  Finn 1992 [gr-qe/e209010]

=2, Si()
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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

c L1 strain
g simulation
@
°
@
c
g
2
£
B
-
O
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

GW150914 0.8

30

_ GW170104 0.7 @ @
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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:“1 M,
Final black hole mass 621‘1‘ Mg
Final black hole spin 0‘67f8.'8;
Luminosity distance 410:158 Mpc
Source redshift z 0.093())'.82

LIGO/Virgo 2016 [1602.03837]
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36 + 29 M: 0.2sec, SNR=23

GW1 5091 4 (LIGO/Virgo 2016)

Hanford Livingston

Strain (1072%)

—— Numerical relativity —— Numerical relativity
Reconstructed (wavelet) Reconstructed (wavelet)
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14 + 8 M: 1sec, SNR=13

GW1 51 226 (LIGO/Virgo 2016)

Hanford Livingston
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GW Transient Catalog GWTC-1 (LIGO/Virgo 2019)

Type  mi [Mg]  mp[Mg]  d [Mpc] Redshift z
GW150914 BBH  35.6735  30.67%5  4307%  0.097003
GW151012 BBH  23.371%° 13.673F 1060755 0.21799%
GW151226 BBH  13.7'§3  7.773% 440713  0.0973;
GW170104 BBH  31.07[% 201732 960753  0.1970%
GW170608 BBH  10.973% 7.6%}3 320712 0.0719%
GW170729 BBH  50.67155 34.3%%], 27507139 0.4870%%
GW170809 BBH 352783  23.8%3% 990730  0.20%00°
GW170814 BBH  30.73] 253739 58073  0.12%09%%
GW170817 BNS  1.467%1% 1.2779% 4071 0.01+9%
GW170818 BBH  35.57,%5  26.8'%3 102073 0.207%%7
GW170823 BBH  39.671%0 29483 18507840 0347912

Lijing Shao (2¢ = &)
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Sigl‘lﬂ'S Of GW EventS (Frequency Domain)

~16 [T T T T T T T T T

GWI50914 —— GWI170729 |
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107k GWI51226  —— GWI70814 7
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AdvLIGO
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>

10 2F E

107°F E
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Frequency [Hz]

Liu, Shao, Zhao, Gao 2020 [2004.12096]
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Normalized amplitude

GW170817 (LIGO/Virgo 2017) 02“45
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Normalized amplitude

GW170817 (LIGO/Virgo 2017) 02“45

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

GW170818-HLV

GW170608
GW170729

i

GW170809

GW170817-HLV
GW170814-HLV
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New Events from O3 (LIGO/Virgo 2020)

m GW190412: Observation of a Binary-Black-Hole Coalescence
with Asymmetric Masses

m 30 M, + 8 My; higher multipole modes
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New Events from O3 (LIGO/Virgo 2020)

m GW190412: Observation of a Binary-Black-Hole Coalescence
with Asymmetric Masses

m 30 M, + 8 My; higher multipole modes

m GW190425: Observation of a Compact Binary Coalescence
with Total Mass ~ 3.4 M,

L T x <08
= Y < 0.05
2 8] e Galactic BNS
z 6
S
0 AN,
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 1.00
My (M)
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New Events from O3 (LIGO/Virgo 2020)

m GW190521: A Binary Black Hole Merger with a Total Mass of
150 M,

m 85M; + 66 M, = 142 M,
m Intermediate mass black hole?
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New Events from O3 (LIGO/Virgo 2020)

m GW190521: A Binary Black Hole Merger with a Total Mass of
150 M,

m Intermediate mass black hole?

m GW190814: Gravitational Waves from the Coalescence of a 23
Solar Mass Black Hole with a 2.6 M, Compact Object
m Mass gap: either the lightest black hole or the heaviest neutron

star ever discovered
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GW200105 & GW200115: BH-NS Binaries
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LIGO/Virgo 2021 [2106.15163]
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Masses in the Stellar Graveyard

les LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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Testing Gravity with BBHs

m Residual tests
m Inspiral-merger-ringdown consistency tests
m Parameterized tests: inspiral & post-inspiral

m Modified dispersion relation

Lijing Shao (2 = &) Gravity Tests via GWs

LRl
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Testing Gravity with BBHs

m Residual tests

m Inspiral-merger-ringdown consistency tests

m Parameterized tests: inspiral & post-inspiral

m Modified dispersion relation

Lijing Shao (

Properties

GR tests performed

Event Dy My, M; a SNR RTIMR PI PPl MDR
[Mpc] [Mo] [Mo]

GWIS0914"  430*1%0 66.2737 63.133 0.69'0%% 2531 v v v/ / /
GWISI0120  1060*30 37.3+196 3574107 0,67:013 9203 _ _
GWISI1226 4407180 21.5%02 20.5%04 074007 12492 v — v - /
GWI70104 960440 513753 49.1*32 0.66'0% 1402 v v v /
GWI70608  320°') 18.6'3) 17.8%32 06900 156'02 v - v /
GWI170729° 2760130 85.2+136 803146 0.81°097 108%04 v v - v/ v/
GWI70809 99073 502733 564'32 0.700% 12702 v v/ - /v
GWI70814 580710 56.13% 534%32 072007 1783 v v/ v /v
GWI70818 102040 625%31 59.8*4% 0.67007 11993 v v - v /
GWI170823 1850 68.9%9% 65.6'%4 071008 121402 v v - v v

Gravity Tests via GWs
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Residual Tests (Licowvirgo 2019)

m Model: best fitted model

m Residual = Data — Model
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Residual Tests (Licowvirgo 2019)

m Model: best fitted model
m Residual = Data — Model

m Residual tests: consistent with noise distribution!
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Residual Tests (Licowvirgo 2019)

m Model: best fitted model
m Residual = Data — Model

m Residual tests: consistent with noise distribution!

1 s
—— GWI150914
ok GW151012
Event IFOs Residual SNRy, Fitting factor ~ p-value — —+- GWI51226
Ud -3%- GWI70104
Gwisiol HL 69 Sow om 9 ooy
2 .. . . I
p N GW170729
2 - +
GWI151226 HL 5.7 2091 0.76 I 4 GW170800
GW170104 HL 52 >0.94 0.97 5 -%- GWI170814
GW170608 HL 7.8 >0.90 0.07 45 —4— GWI170818
GW170729 HLV 6.5 >0.87 0.72 E % GW170823
GW170809 HLV 6.7 2091 0.73 2
GW170814 HLV 8.6 >0.90 0.19 =
GW170818 HLV 10.1 >0.78 0.13 E
GW170823 HL 54 >0.92 0.89 % 0.1
5 6 7 10 11 12

8, 9
Residual SNRgy
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IMR Consistency Tests (Lico/virgo 2019)

m Parameter estimation separately with inpsiral and merger +

ringdown
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IMR Consistency Tests (Lico/virgo 2019)

m Parameter estimation separately with inpsiral and merger +

ringdown

m Check consistency!
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IMR Consistency Tests (Lico/virgo 2019)

m Parameter estimation separately with inpsiral and merger +

ringdown
-15 -10 05 00 05 10 15
6 . : : ; ; —  GWI50914
H L 4 e GW170104
m Check consistency! S ;
< | GW170729
= 3L i == GWI170809
5 ) — GWI70814
& GW170818
Ir 1 GW170823
1.0 1.0
Event  fi[Hz] pug Pimp Pposciny OR quantile [%]
GWI50914 132 253 194 161 55.5
GW170104 143 137 109 85 24.4 05 105
GWI170729 91 107 86 69 104
GW170809 136 127 106 7.1 147 -
GWI170814 161 168 153 72 7.8 ook 100
GWI170818 128 120 93 72 25.5 S ’
GW170823 102 119 79 85 80.4
-05 F 4-05
. . L 10

-1

0 . . . i
-1.5 -1.0 -05 00 05 1.0 151 2 3 45
AM;/ Mg P(Aag/ar)
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Parameterized Tests (Lico/virgo 2019)
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Parameterized Tests (Lico/virgo 2019)
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Parameterized Tests (Lico/virgo 2019)
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Graviton Dispersion Relation

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

Will 1998 [gr-qc/9709011]
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Graviton Dispersion Relation

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

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

Will 1998 [gr-qc/9709011]
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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

Will 1998 [gr-qc/9709011]
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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

Will 1998 [gr-qc/9709011]
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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

D /1 1
At,=(1+2z At+(—)
2 ) |Ale 222 \fz2 12 ]

Will 1998 [gr-qc/9709011]
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Propagation of GWs

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

m2DM

—1
R N

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 w/ 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 w/ 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 + m£2704 +Apaca

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

Lorentz-violating parameters
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Lorentz-violating Propagation of GWs

1019 Ay <0 Ay >0
] £ ] A
A 4
o 1 * 1 i A A A
IB i A A i L 4 'S A
= ’ A * *
210720 4 2 2 2 * E s
1A 3 ] ¢
_ ¢ 1A
3 ‘ : ‘
- e 4 Gwrca
I£2 _’ ¢® GWTC-2
10— 1T T T T T T T T T
0 1 2 3 4 0 1 2 3 4
(6] (6]

LIGO/Virgo 2021 [2010.14529]
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Lorentz-violating Propagation of GWs
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LIGO/Virgo 2021 [2010.14529]
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Lorentz-violating Propagation of GWs

1.5
44 44
1.0
T
2 24
N 0.5
2
o
5] 0.0 1= -40t+-q4-=--- =404~ -
S
j —0.5 1o 1924
<
—1.01
L4 a4
—1.5 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
(6]

But... such a combination is problematic in general

LIGO/Virgo 2021 [2010.14529]
105/138
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Standard-model Extension

m The most generic linearized gravity has the Lagrangian

[Kostelecky & Mewes 2018]

1 2
L’C(d) = ZhIJVIC(d)IJV’DO-hpo'

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

m |t predicts a modified dispersion relation for GWs

o= (1= @)+ @7+ (@) p
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Standard-model Extension

o= (1-0= e+ @+ @) p

Q=3 Yk,

dm
12 _ d—ay (o [, (d . (0)
¢ Fig? = @i Vim(h) [k((E;jm:tIk(B)jm]
dm
_ o (d
=3 4Y/'m(")k((v;jm
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

A" GW170814-HLY

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 [2002.01185]
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Anisotropic Birefringence combined search
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We have all the information available to perform the test

Shao 2020 [2002.01185]
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Combined Results from GWTC-2
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Wang, Shao, Liu 2021, ApJ [2108.02974]
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Combined Results from GWTC-3

[ 01 02

©
o (D

-2 -1 0 1 2 —

¢ [m) x10-16 h
Isotropic violation Anisotropic violation
Zhao, Cao, Wang, ApJ [2201.02813] Niu, Zhu, Zhao [2202.05092]
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Matched Filter Analysis
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0.05

0.1

Tf

Mewes 2019, PRD [1905.00409]
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Monte Carlo Markov-Chain Runs

S0 = —0.0132

Liu et al. 2020, PRD [2005.03121]
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Monte Carlo Markov-Chain Runs

10-13
8000 lel0
— 1ocCI 2.00
=== 90% CI
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A simulated 50 M,—50 M, BBH at 5 Gpc

O'Neal-Ault, et al. 2021, Universe [2108.06298]

Lijing Shao (& = Gravity Tests via GWs i 114/138


https://arxiv.org/abs/2108.06298

Monte Carlo Markov-Chain Runs

Analysis with isotropic parity violation

— GW191204 171526
GW190707 093326
—— GW190708 232457
— GW190720 000836
—— GWI190512 180714
— GW200202.154313
other 4-OGC events
----- 90% upper limit

lity Densitiy

0 20 40 60 80 100
M) [GeVY)

Wang, Brown, Shao, Zhao 2022, PRD [2109.09718]
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Monte leﬂO Markov-Chain Runs

Haegel, O’'Neal-Ault, Bailey, Tasson, Bloom, Shao 2023 [2210.04481]

A full analysis with anisotropy
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Polarization Tests (Licowvirgo 2019)
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Polarization Tests (Licowvirgo 2019)

m Triple detections
m GW170729, GW170809, GW170814, GW170818

GW170814

LIGO/Virgo 2017
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Polarization Tests (Licowvirgo 2019)

m Triple detections
m GW170729, GW170809, GW170814, GW170818

m Bayes factors: 10'—102 //\o °

m tensor vs vector

m tensor vs scalar

GW170814

LIGO/Virgo 2017
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Waveform: tidal deformability (Lico/virgo 2017)

Normalized amplitude
0 2 4 6

|
00

LIGO-Hanford

5

LIGO-Livingston

Frequency (Hz)

-30 -20 -10 0
Time (seconds)
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Waveform: tidal deformability (Lico/virgo 2017)

Normalized amplitude
m SEOBNRv4T 0 2 4 6
|
00

LIGO-Hanford

5

m tidal deformability
m equation of state

LIGO-Livingston

Frequency (Hz)

-30 -20 -10 0
Time (seconds)

Lijing Shao (% &) Gravity Tests via GWs LR 118/138



Waveform: tidal deformability (Lico/virgo 2017)

Normalized amplitude

m SEOBNRv4T 0 2 4 6
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m equation of state
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Speed of Gravity (Lico/virgo 2017)

m The famous 1.7 sec .

2500 7 . . p—
Lightcurve from Fermi/GBM (10 — 50 keV)

2250 JJ\IL'k

2000
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1500 TV q'”f 17
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Av
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1750 { Lighteurve from Fermi/GBM (50 — 300 keV)
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Speed of Gravity (Lico/virgo 2017)

m The famous 1.7 sec .

2900 { Lightcurve from Fermi/GBM (10 - 50 keV)
éf 2250
_ Av 16 o b Lo AJLWJLM
—3x107 < —— <+7x107"® > A
VEM 21250

% 1750 1 Lightcurve from Fermi/GBM (50 — 300 keV)

m strong implications on ﬁ
il

T 1250

cosmological models ik “”wawﬂuv”m“w“” W

. ’[OI’]S Of PRL paperS Q Lightcurve from INTEGRAL/SPL-ACS
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200

10 8 6 1 2 0 2 1 6
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Polarization Tests (Licowvirgo 2019)

m Precise localization: NGC 4993

Lijing Shao (% = &)
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Polarization Tests (Licowvirgo 2019)

m Precise localization: NGC 4993
m Bayes factors

m tensor vs vector: 102

m tensor vs scalar: 1033

LIGO

Swope +10.9 h
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Polarization Tests (Licowvirgo 2019)

m Precise localization: NGC 4993
m Bayes factors

m tensor vs vector: 102

m tensor vs scalar: 1033

LIGO

m much tighter than BBHs

Virgo - 4
S

Fermi/
o GBM
16h 12h
IPN Fermi /
INTEGRAL
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Hubble Constant (Lico/virgo 2017)

m By simultaneously measuring redshift and luminosity distance,
GWs provide an independent way to probe cosmological

parameters (schui 1986)

Hli'bble Constant Over Time

Planck
SHoES 80

&

P(H, | GW170817) (km™" s Mpc)
° °
8 S
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Hy [km s~! Mpc
= S
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o
° t
X -
] T
¥ g F
o
&

/ m Cepheids e CMB ® TRGB

0.01 4 / 60 -
2000 2004 2008 2012 2016 2020 2024

/ Year of Publication
—~
0.00 . ! . . ; —
50 60 70 80 920 100 110 120 130 140 . .
Hy km s M) arXiv:1907.05922 (ApJ, in press)

The Carnegie-Chicago Hubble Program
LIGO/Virgo 2017
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Parameterized Tests (Lico/virgo 2019)
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Scalar-Tensor Gravity

ct d*x ) .
S=ena. / — V=0 [R. — 290,00, = V()] +Snm [ymi A(0)g]

Damour & Esposito-Farése 1992; 1993; 1996
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Scalar-Tensor Gravity

C4 d4X ) .
S=ena. / — V=0 [R. — 290,00, = V()] +Snm [ymi A(0)g]

m A class of cosmologically well-motivated scalar-tensor theories,
that are solely described by two theory parameters: ag & By

V(p) =0
A(p) = exp (ﬁocpz/ 2) . Ao = Powo

Damour & Esposito-Farése 1992; 1993; 1996
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Scalar-Tensor Gravity

10° T T T T
Shao & Wex 2016

Scalar charge

L L L L
0 0.05 0.1 0.15 0.2 0.25

Fractional grav. energy

Nonperturbative spontaneous scalarization
could happen for isolated neutron stars

Damour & Esposito-Farése 1992; 1993; 1996
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Scalar-Tensor Gravity

—— Stable
~_ — Unstable

Strong-field behavior is analogous to Landau’s phase

transition after a critical point

Damour & Esposito-Farése 1996; Esposito-Farése 2004; Sennett, Shao, Steinhoff 2017

Lijing Shao (& % & Gravity Tests via GWs NIE: X 3] 125/138



Massive Scalar-Tensor Gravity

= When a mass term is included, say V(¢) ~ m?¢?, a

Yukawa-type suppression happens for the deviation

a=1 a=0.1 a=0.01

SRS

10.0 125 15.0 10.0
Ramazanoglu & Pretorius 2016; Xu, Gao, Shao 2020; Hu, Gao, Xu, Shao 2021; Xu, Gao, Shao 2022

10

125 10
R k)]
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Strong-field gravity can be VERY

different from weak-field gravity
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Combination of Multiple NS-WD Binaries

m Strong-field effects could happen at different NS masses for

different EOSS [shibata et al. 2014, PRD 89:084005]

"Scalarization window"

Ex: EOS =SLy4 _

Scalar charge

1.0 1.2 1.4 1.6 1.8 2.0 2.2
my | M.

128/138
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Combination of Multiple NS-WD Binaries

m Strong-field effects could happen at different NS masses for
different EOSS (snibata et al. 2014, PRD 89:084005]
m Combining NS-WDs put the best limits on a class of scalar

tensor theories for different EOSS (shao et al. 2017, PRX 7:041025]

"Scalarization window"

Ex: EOS =SLy4 _

Scalar charge

-
o
IS

-
e

1.0 1.2 1.4 1.6 1.8 2.0 2.2
my | M.
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Combination of Multiple NS-WD Binaries

m Reduced-order surrogate models to speed up Markov-chain
Monte Carlo runs: pySTGROM,®° & pySTGROMX'©

logiolaol

325
-350{
375
-1.00{
425
-150{
475
-5.00{

-5.251

451

s

W

AP4 BL EOS BSk20 BSk2l BSk22 BSk25 ENG MPAl PALL

BL EOS BSk20 BSk21 BSk22 BSk25 ENG MPAI PALI SLyd SLy9 SLy230a WFF1 WFF2

SLys SLyo SLy230a WFFI WFF2
Equation of State

%https://github.com/BenjaminDbb/pySTGROM
%https://github.com/mh-guo/pySTGROMX
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Zhao, Shao, et al. 2019
Guo, Zhao, Shao 2021
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Combination of Multiple NS-WD Binaries
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Scalarization window is closed for T (g, Bo) theories (< 1%)

with addition of new observations
Zhao et al. 2022 [2201.03771]
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Gravitational Waves
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Gravitational Waves

laser interferometers & atom interferometers
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Damour & Esposito-Farése 1998; Zhao, Shao, et al. 2021 [2106.04883]
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Gravitational Waves

BN Optimal
S Combined

Zhao, Shao, et al. 2021 [2106.04883]
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Summary

m Einstein is still right
m GWs launch a new era to test gravity

m Hope something new emerges

G, = 38nGT,

Albert Einstein (1915)
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Summary

m Einstein is still right
m GWs launch a new era to test gravity

m Hope something new emerges soon
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G,, = 81GT,,

explored Cosmological distance Albert Einstein (1915)
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The early Universe

A e e »
Binary supermassive black holes
Sources
Compact binary systems
-~
Pulsars
Compact stars captured by
supermassive black holes Supernovas
D —— -
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_ ] i i T
Gravitational wave 107 104 1012 1010 108 10°€ 10% 102 10° 102 104
frequency (Hz)
-~
Detectors Cosmic microwave Pulsar timing Space interferometers  Terrestrial
background interferometers
polarisation

Only a tiny part of GW spectrum was revealed by now
Stay tuned!
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An exciting era for astronomers & physicists
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