That would be one of the most fascinating things

man cloud do, because it would tell you very much

how the universe started.

— Rainer Weiss
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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

No one wanted to talk
with Albert?
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Theoretical physics is beautiful,

but not yet complete

Gravity may be holding
the key



Parameter Space in Gravity Tests

Kramer 2017
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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

m GW: Radiation regime

Solar System Binary Pulsar BBH Merger LIGO/Virgo Sites

Gl GW

Wex 2014 (arXiv:1402.5594)
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Gravitational-wave Data

First detection!

9:50:45 UTC, 14 September 2015

W /\ \/V\IW

Al

LIGO Livingston signal A
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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
“Merge"
Effective-one body (EOB): Bohé, Shao, Taracchini et al. 2017 Numerical relativity
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Gravitational Waveform (Frequency Domain)
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Phenomenological waveform: Husa et al. 2016, PRD; Khan et al. 2016, PRD
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Matched Filter

m Matched fitlering is a standard analysis method for wideband
time series data

* g (Hk() + 5Nk (1) 4

(glk) =2 | Sn()
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36 + 29 M 0.2sec, SNR=23

GW1 5091 4 (LIGO/Virgo 2016)

Hanford Livingston
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Parameter Estimation: GW150914

Primary black hole mass 3673M
Secondary black hole mass 29 M,
Final black hole mass 625iM
Final black hole spin 0.670%
Luminosity distance 410189 Mpc
Source redshift z 0.0970:92

LIGO/Virgo 2016, PRL
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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  m[Ms]  me[Mg] o [Mpc] Redshift z
GW150914 BBH  35.6%48 306130 4307150  0.09+0%3
GW151012 BBH  23.371%° 13.673, 1060755 0.21799%
GW151226 BBH  13.7+83  7.722  440*1%  0.09*9%
GW170104 BBH  31.077% 201732 960753  0.1973%7
GW170608 BBH  10.973% 7.67)% 32001  0.070%
GW170729 BBH  50.671%% 34.3%%] 2750713 0.48°%13
GW170809 BBH 352733 238732 9907320  0.20700°
GW170814 BBH  30.7'37 25329 580%189  0.1279%
GW170817 BNS  1.467015 1277303 40%}) 0.0173%9
GW170818 BBH 35573  26.87¢5 1020733  0.20%0%7
GW170823 BBH  39.671%° 20.4%%% 18501330 0.347%73
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Normalized amplitude

GW170817 (LIGO/Virgo 2017) A

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

GW170818-HLV
GW170608

GW170729

: 1170200
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GW170817-HLV
\ GW170814-HLV
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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

Properties SNR GR tests performed
2 Mo, Mg ag RT IMR PI PPI MDR
[Mpc]  [Mo]  [Mo]

Event

GWI50914° 430730 66.237 63.1'33 0.690% 2531 v vV / / /
GWIS1012° 1060730 37.3719° 3574107 067013 0243 v _ _ v v/
GWIS1226" 440*180 21,562 20564 074007 124492 v - v -/
GWI70104  960*4 51333 49.1'32 0.66°% 1402 v v v /
GWI70608  320°'%) 18.6'3) 17.8%32 0.690% 1562 v - v / /
GW170729'  2760+13%0 852136 80.3+14¢ 0.8107 1080 v v - v/
GW170809 990320 592733 564732 0.70%0% 12702 v v - v/ /
GW170814 58030 56.173% 534732 07209 17.8%03 v v v v/ /
GWI170818 10203 62.5*3) 59.8%4%5 067097 11943 v v - v
GW170823  1850'80 68.9%9 65.6704 0.71°0% 121002 v v - v/ /
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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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IMR Consistency Tests (Lico/virgo 2019)

m Parameter estimation separately with inpsiral and merger +

ringdown
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Parameterized Tests (Lico/virgo 2019)
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Modified Dispersion Relation (Lico/virgo 2019)

m Lorentz violation: £2 = p?c? + A,p%c®
m except a = 0: massive gravity
® LIGO/Virgo GWTC-1 = m, < 5.0 x 10-2%eV/c?
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Modified Dispersion Relation (massive graviton)

m Binary pulsars are also used to constrain the graviton mass via
bounding the

m Linearized gravity with a massive graviton [Miao, Shao, et al. 2019]
S :6;7 / d*x [aﬂhwaﬂhw — 20", 03 + 287 hy, M h
—o*hduh — 321 hy, T + (hwh“” - ;hz)}

m Cubic Galileon with screening mechanics [Shao, Wex, Zhou 2020]

T 3 2 1
4 yv WY
S= /d [ —h*(ER)w + W 4 (O1T5) (1 + 373 D7TS> + S Mon
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Modified Dispersion Relation

m The most generic linearized gravity has the Lagrangian

[Kostelecky & Mewes 2018]

1 2
‘CIC(d) = ZI’)HVIC(d)/-'”/,DO"I,'pcr

where K(Dwee — jc(dwpahiels2d, 9, .0,

m |t predicts a modified dispersion relation for GWs

o= (1-0= e+ @+ @)
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Modified Dispersion Relation

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

_ ~ d
=" Ym(A)K),

dm
. d—4y ) (K@ 4 @
7 ig? =3 Bt V() K = K
dm
_ ~ d
¢ =3 @ Yin(MKD)
dim

m Therefore, gravitons of different polarization or frequency have
different velocity
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Polarization Tests (Lico/virgo 2019)
m Triple detections
m GW170729, GW170809, GW170814, GW170818
m Bayes factors: 10-10?

m tensor vs vector

m tensor vs scalar

GW170814

LIGO/Virgo 2017
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Waveform: tidal deformability (LiGcowvirgo 2017)
m SEOBNRv4AT Normalized amplitude
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Speed of Gravity (Licovirgo 2017)

m The famous 1.7 sec
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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: 103

m much tighter than BBHs o
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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 [Schutz 1986]
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Parameterized Tests (Lico/virgo 2019)
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Dipole Radiation strong-field scalarization

m Strong-field calarization happens for NSs

ct
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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

Black-hole mass

Albert Einstein (1915)

explored Cosmological distance
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Sources

Gravitational
wave period (s)

Gravitational wave
frequency (Hz)

Detectors

The early Universe

Binary supermassive black holes

Compact binary systems
-«

Pulsars
Compact stars captured by
supermassive black holes Supernovas
D —— -
Age of
Universe Years Hours Seconds Milliseconds

10 10 102 10 10®  10®  10* 107 10° 107 104

-~

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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