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1.

Tests of gravities with gravitational
waves



Gravitational Waves

688 Sitzung der physikalisch-mathematischen Klasse vom 22. Tuni 1916

Niherungsweise Integration der Feldgleichun
der Gravitation.

Von A. EinsteiN.

Bei der Behandlung der mei peziellen (nicht prinzipicllen) P
auf dem Gebiete der Gravitati rie kann man sich damit begn
die g,, in erster Nlhenlng zu bereclmen Dnbel bedient man sie h
Vorteil der imagi ble x, = it aus denselben Griinden
in der speziellen Relativitiitstheorie. Unter »erster Niherung« ist d
verstanden, daB die durch die Gleichung

G =—08,, 4+,

definierten GroBen y,,, welche linearen orthogonalen Transformatic
gegeniiber Tensorcharakter besitzen, gegen 1 als kleine GroBen
handelt werden konnen, deren Quadrate und Produkte gegen die er
Potenzen vernachlissigt werden diirfen. Dabei ist d,, =1 bzw. J,, =
Je nachdem p =y oder p = v.

Wir werden zeigen, daB diese v, in analoger Weise

werden konnen wie die retardierten Potentinle der Elektrodynas

Daraus folgt dann zuniichst, daB sich die Gravitationsfelder mit

geschwindigkeit ausbreiten. Wir werden im AnschluB an diese

gemeine Losung die Gravitationswellen und deren Entstehungsw
untersuchen. Es hat sich gezeigt, daB die von mir vorgeschi

Wahl des B gemiB der Bedi g=|g.|==1

B8y

die Berechnung der Felder in erster Niherung nicht vorteilhaft:
Ieh wurde hierauf aufmerksam durch eine briefliche Mitteilung

Astronomen pE Strrer, der fand, daB man dureh cine andere W

des Bezugssystems zu einem einfacheren Ausdruck des Gravitatio
feldes eines ruhenden M k langen kann, als ich ihn 6

gegeben hntlc‘ Ieh stitze mich daher im folgenden auf die
mein 1 Feldgleicl

! Sitzungsber. XLVII, 1915, S. 833.

 Predicted by Albert Einstein in 1916, based on general relativity,
just proposed a year ago

Gravitational Waves

’87G
GW — TH
A

Guv = N + h;u/

linearize
flat space P

metric metric perturbation

one = (=2 4 w2 ) e = 2070 g

o2 B c4

inhomogeneous wave equation -> gravitational waves (GWs)



Detection of Gravitational Waves
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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GWs in general relativity

olarization A' x polarization
£ Val
? \é L3
Sy t=P oA t=P
R t=3P/4
J t=P/2
t=P/4

9 ‘ =3P/
¢ Quadrupole radiation %‘\ P

*» Propagate at speed of light ’_‘Lz'j (t,r) = —IU (t—r/c).

+

¢ Two independent polarizations

*¢ Damping as inverse of d_L

** massless

¢ No briefringences




GWs in modified gravities

Modified gravities can affect polarization,
generation, propagation, and detection of GWs.

Polarization

(a) plus mode (¢) breathing mode (e) vector-x mode

xor
Y Y

(b) cross mode (d) longitudinal mode (f) vector-y mode

Detection
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Tests of gravities with GWs

©) .. © —

¢ Tests of GW generation PN/ NP
(@) plu; mode ] © br;a:;ns/ ridi © vect;r—x m_od:

«* Tests of extra polarization <> L/

+»» Tests of GW propagation

+»» Tests of Kerr hypothesis with
ringdown signals
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Tests of GR with LIGO-Virgo-KAGRA events

+* Tests with GWTC-3

Properties SNR Tests performed
Dy (T+2M 1 +29M (1 +2)M;  x¢ RT IMR PAR SIM MDR POL RD ECH
(Gpe]  [Mo] [(Mo] (M)

Event Inst.

GW191109.010717  HL  1.29*}13 14072} 60.19% 13512 0617018 17349 v - - - -y v v
GWI191129_134029 HL  0.79%03% 20.10°321 8.4900° 19.19'397.0.69%00} 13.1%03 v - / Vv / - - /
GW191204.171526  HL  0.65*)12 22.74*194 970003 21.60*2% 0.73709% 17.5%02 v - v v V / - V/
GW191215223052  HLV ~ 1.93*0% 58.4%% 24913 558%% 068700 11203 v - - - v / - V/
GW191216.213338  HV  0.34%013 21.17°3¢ 8.94002 20.18%39% 070700 18603 v - v Vv Vv / - V/
GW191222.033537 HL  3.0*}7  119*1¢ 51072 1141 067°0% 12542 v - - - Vv /V V V
GW200115.042309  HLV ~ 0.29*010 7.871% 258001 7.7°1% 0427000 113793 v - / - - - - /
GW200129.065458  HLV ~ 0.90%)2 74.6*43 32.1*1% 70.9*42 0.73%0% 26892 v v v Vv Vv V V V/
GW200202_154313  HLV 0417012 19.01°3% 8.15700° 18.12'3%92 0.69*)03 10803 v - v - / - - /
GW200208_130117 ~ HLV ~ 2.23%)% 91*|)  38.8%3% 87549 066707, 108903 v v - - Vv /v - V/
GW200219.094415  HLV ~ 34*17 103*1% 4373 983 066019 10793 v - - - Vv / - V/
GW200224.222234  HLV  1.71%0# 94.9%%3 40933 902'75 073707 20073 v v - - Vv V V V
GW200225.060421  HL  1.15*)31 41.2%39 1765098 39.4*22  0.66°09] 12503 v v v v Vv / - V/
GW200311_115853  HLV 117038 75.9'%7 32730 724'3% 0697000 178703 v v - V / V V/
GW200316.215756 ~ HLV ~ 1.12*047 25,57 10.687013 24.3'7) 0.70°00; 1033 v - v v - - - /

LIGO-Virgo-KAGRA collaboration, arXiv: 2112.06861 [astro-ph].



2.

Modified gravitational wave
propagation



GW Propagation in General Relativity

W+ 2Hh, + k*hy =0, A=R,L @ <©>

left handed right handed
. . hy +ihx
» Two independent polarization modes: h_R and h_L hr = VI
» Both modes propagate at speed of light hy = hy \—/fhx
2

» Both modes have the same damping rate

e, polarization = Af e, polarization

t=3P/4

Credit: 1606.02532
16



Parametrization of Modified GW propagation

[ e, polarization y A'
% 5
oA L
{ 3
5 ) 3
/4 ) o g—er t=3P/4
A o
£ y t=P/2
I

left handed right handed

+21+V+VAth4+ (1+0a+pa)k’ha=0, A=R,L

| N

Amplltude Speed or Nonlinear Velocity

GW friction birefringence  dispersion birefringence

* GW speed and friction (frequency-independent)
* Lorentz violation (nonlinear dispersion and frequency-dependent friction)

* Parity violation (amplitude and velocity birefringences)

17



Case 1: GW speed and friction

frequency-independent (|, U/

I RS

o Ia determine the GWspeed : ¢, =1+ /2 070 o

—3x107"” < i/2 <7 x1071° ‘

. . . FIA5173iR
Y. modifies GW friction ESES

gw — ™ — 1) Wid. 18
) =i eXp{2/0 ”1+z'} Ex. [FE
GWTC-3 with BBH population gives PHSLUB
A

— 23R

‘—3<V<2.5‘ i)

Horndeski; Brans-Dicke; f(R); f(T); DHOST; Einstein-Aether; Extra
dimension; nonlocal gravity; bigravity; spatial covariant gravity; ......



Case 2: Lorentz violating effects

W, vV are frequency-dependent

7 = [aw(r) (k/abi)™ || k=2nf
o ( ) (k/aMziy)°" Miyx  Lorentz FERBEFR

I

¢ Nonlinear dispersion relation
2 2 — _
wi =k*(1+j) =y c, =1+

*» frequency-dependent GW friction

1—(k)/2

(k)

h| < a

Multi-fractal spacetime; doubly special relativity; Horava; extra
dimension; spatial covariant gravities; Non-Commutative Geometries;
consistent 4D Gauss-Bonent; Horava with mixed Kinetic terms; standard
model extension; ........



Case 3: Parity violating effects

VA, WA arefrequency-dependent

Hua = [pacn(r) (k/aMpv)™] k=2rf
b = paaulr) (b/aMev)™ Mpy . SPRREEREEHT
% Amplitude birefringence A=Ror L
—1—va(k)/2 VR = —VL
hal xa PR = —[L

¢ Velocity birefringence

1

wi (k) = k(1 + py) ey ca=1+3

Chern-Simons; chiral scalar-tensor; Horava with parity violation;
spatial covariant gravities; Nieh-Yan; symmetric teleparallel gravities;

Host action; standard model extension;

A



TABLE I. Corresponding parameters Ho, i, Hra, and pa in specific modified theories of gravity. The numbers in the brackets
are the values of B8z, Buz, B., and B, for each theory, which represent the frequency dependences of HU, i, Hra, and pa.

Theories of gravity

Friction and speed

Birefringences

Damping and dispersion

Hv

i

Hra (Bv)

HaA (13#)

Hv (Bz)

2 (Ba)

Nonlocal gravity [15, 18, 19]
Time-dependent Planck mass gravity [20]
Extra dimension (DGP) [21, 22]
f(R) gravity [23]

f(T) gravity [24]

f(T, B) gravity [25]
£(Q) gravity [28]

Galileon Cosmology [29]
Horndeski [30, 31]
beyond Horndeski GLPV [32]
DHOST [33]

SME gravity sector [34, 35]
generalized scalar-torsion gravity [37]
teleparallel Horndeski [25]
generalized TeVeS theory [26, 27]
effective field theory of inflation [38]
Scalar-Gauss-Bonnet [36]
Einstein-AHether [39, 40]
bumblebee gravity [41]

NSNS NS

Chern-Simons gravity [42, 49-51]
Palatini Chern-Simons [43]
Chiral-scalar-tensor [44—46]

Parity-violating scalar-nonmetricity [52—54]
Metric-affine Chern-Simons [47, 48]
Nieh-Yan teleparallel [55-57]

New general relativity [58]

Chiral Weyl gravity [85]

Spatial covariant gravities [61—63]
Havara with parity violation [64—66]
linear gravity with Lorentz violation [77]
diffeomorphism/Lorentz violating linear gravity [78]
Horava with mixed derivative coupling [67]
Horava gravity [68—72]
modified dispersion in extra dimension [79]
Noncommutative Geometry [80, 81]
Double special relativity theory [82—84]
consistent 4D Einstein-Gauss-Bonnet [73-75]
Lorentz violating Weyl gravity [76]
Massive gravity [59, 60]

P r S
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Amplitude and phase modifications to waveform

h’%fif(g__tfxﬂ—uA)Hhk + (1+ﬁ.+/‘%l/\= 0, A=RorlL
BEEIMEIE  IRIBNURSS GECEREIE RmEXGS
/
)

Ho = |ay(7) (k/aMLV)ﬁD]” Hva = [PA%(T) (k/aMPV)ﬁu]

i = ap (1) (k/aMy)" pa = pacy(t) (k/aMpy)™*
Amplitude modifications Phase modifications
ha = hSR(1 —;pAéhl +/6‘h2) oy = hiRei(;\45\1u+5§f2)
: Velocity
Amplitude GW friction birefringence Nonlinear
birefringence dispersion

W.Zhao, T. Liu, L. Wen, TZ, A. Wang, EPJC 80 (2020) 630
Y.F. Wang, R. Niu, TZ, W.Zhao, ApJ 908, 58 (2021)



3.

Tests of Lorentz symmetry of
gravity






Lorentz violation in gravity

Horava-Lifshitz Gravity

PHYSICAL REVIEW D 79, 084008 (2009)
Quantum gravity at a Lifshitz point

Petr Horava
er for Theoretical Physics and Department of Physics, University of California, Berkeley, California, 94
and Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720-8162, US:
(Received 28 January 2009; published 6 April 2009)

We present a candidate quantum field theory of gravity with dynamical critical exponent equal to z =
in the UV. (As in condensed-matter systems, z measures the degree of anisotropy between space and time
This theory, which at short distances describes interacting nonrelativistic gravitons, is power-countin
renormalizable in 3 + 1 dimensions. When restricted to satisfy the condition of detailed balance, th
theory is intimately related to topologically massive gravity in three dimensions, and the geometry of tk
Cotton tensor. At long distances, this theory flows naturally to the relativistic value z = 1, and coul
therefore serve as a possible candidate for a UV completion of Einstein’s general relativity or an infrare
modification thereof. The effective speed of light, the Newton constant and the cosmological constant a

amaraa fram ralavant dafarmatiance af tha desnlu nanralativictic = = 2 thanru at chart dictancac

energy scale

Standard Model Extension

quantum :
theory + gravity

SN\

established
physics

Lo = Leg+ Loy + ‘;“V\T/YuDv\V e ?“\T"YuYs\V i

Lorentz violation CPT violation

SME coefficients <> space-time orientations generated from underlying physics

EEL

identification of Lorentz and CPT tests

25



TABLE I. Corresponding parameters Ho, i, Hra, and pa in specific modified theories of gravity. The numbers in the brackets
are the values of B8z, Buz, B., and B, for each theory, which represent the frequency dependences of HU, i, Hra, and pa.

Theories of gravity

Friction and speed

Birefringences

Damping and dispersion

Hv

i

Hra (Bv)

HaA (13#)

Hv (Bz)

2 (Ba)

Nonlocal gravity [15, 18, 19]
Time-dependent Planck mass gravity [20]
Extra dimension (DGP) [21, 22]
f(R) gravity [23]

f(T) gravity [24]

f(T, B) gravity [25]
£(Q) gravity [28]

Galileon Cosmology [29]
Horndeski [30, 31]
beyond Horndeski GLPV [32]
DHOST [33]

SME gravity sector [34, 35]
generalized scalar-torsion gravity [37]
teleparallel Horndeski [25]
generalized TeVeS theory [26, 27]
effective field theory of inflation [38]
Scalar-Gauss-Bonnet [36]
Einstein-AHether [39, 40]
bumblebee gravity [41]

NSNS NS

Chern-Simons gravity [42, 49-51]
Palatini Chern-Simons [43]
Chiral-scalar-tensor [44—46]

Parity-violating scalar-nonmetricity [52—54]
Metric-affine Chern-Simons [47, 48]
Nieh-Yan teleparallel [55-57]

New general relativity [58]

Chiral Weyl gravity [85]

Spatial covariant gravities [61—63]
Havara with parity violation [64—66]
linear gravity with Lorentz violation [77]
diffeomorphism/Lorentz violating linear gravity [78]
Horava with mixed derivative coupling [67]
Horava gravity [68—72]
modified dispersion in extra dimension [79]
Noncommutative Geometry [80, 81]
Double special relativity theory [82—84]
consistent 4D Einstein-Gauss-Bonnet [73-75]
Lorentz violating Weyl gravity [76]
Massive gravity [59, 60]

P r S
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GW waveform with Lorentz violation

W, U A3 BmEAMMKX

[ k:/aMLV ]/, k‘ — 27Tf
o ( ) (k/aMziy)°" Miyx  Lorentz FERBEFR

I

< Lorentz TERAYS | 1JiRRZ TS
EA(f) = EER(I + padhy + (5h2)ei(p"‘6q’1+6‘1’2),

27,rf ﬁu

_ §2{MLV}B“ ﬂp+1 to G dt 3 _1
O = _% (M_) [az‘/(m) — ap(7e) (1 + z)ﬁ"] 5y = { gar1 (7 f) e P Bu # -1,
LV

MLy lnuft a,dt, Bs = —1,

Multi-fractal spacetime; doubly special relativity; Horava; extra
dimension; spatial covariant gravities; Non-Commutative Geometries;
consistent 4D Gauss-Bonent; Horava with mixed Kinetic terms; standard
model extension; ........



Test of frequency-dependent damping rate

1) Aep| AR ImEARE

Shy — _% (ﬂ)ﬁ (o) = i (7e) (1 + 2)% By =2

My
20.0 ;
" GW191204 171526
17.5 - : GW190707_093326
: GW190512_180714
L 15.01 ! GW200225_060421
= [\ GW190708 232457
g 12.51 ! GW191215 223052
I !
21004 : otfler GW ev.en.ts
= s -,\r\ === 90% upper limit
_‘80 7.5 T 'n" :\ N \
= 71\
5.0+~ 1'-:* NS\ N
- 1 ) 5
1 A S
2.5 A —X \
I \ .
l—-—1 “‘ : .
0.0 L T = =
0.0 0.1 0.2 0.3 0.4 0.5

M2 [10%3/GeV?]

MLV z 1.4 % 10_21 GeV

T. Zhu, W. Zhao, A. Wang, et. al., in preparation (2023)



Tests of nonlinear dispersion relation

b F=3] A IR EAR £

2/Mrv)Pi a+1 o _og S
su, = { B @O [ et AL B — 9 and 4
“Plnu [, a,dt, Ba = —1,
0.7 - - | GW200225_060421
N GW190708_232457
0.6 - : GW190512_180714
N ! = GW200311_115853
= 05+ ! GW190828_065509
S ! . GW190517_055101
a 0.4 - : N other GW events
= : . B 90% upper limit 6— —
§ o5 -Hﬁ“vi \ ppe 7
S I —
T 02- T
|
M=
-
0.0 L

o
—_
N -
w
SN

M[7 [10%%/GeV?]

MLV 2 1.1 x 10_11 GeV

T. Zhu, W. Zhao, A. Wang, et. al., in preparation (2023)



Tests of nonlinear dispersion relation : high-order
spatial derivative case

[ F=3] 7 SR AR %

B = to «
sy [ AP [0 ke, Bt -l B — 9 and 4
—M—L‘L lnuf e idt, Ba = —1,

—— GW191129 134029
GW170817

— GW200316 215756

— GW190924 021846
GW190728 064510

—— GW191105 143521
other GW events

- == 90% upper limit /8_ _ 4
[

s
————————

Probability Densitiy
w

0
0.0 0.2 0.4 0.6 0.8 1.2

M} [10%3/GeV4]

My > 2.7 X 10—16 GeV

C. Gong, T. Zhu, R. Niu, Q. Wu, J.L. Cui, X. Zhang, W. Zhao, A. Wang, PRD 105, 033034 (2022).
T. Zhu, W. Zhao, A. Wang, et. al., in preparation (2023)



4.

Tests of parity symmetry of gravity



Nature is parity violating

The End of Parity Symmetry in Weak Interaction
(T.D. Lee and C.N. Yang 1956; C.S. Wu 1957)

C0—> N1—|—e + v, -

32



TABLE I. Corresponding parameters Ho, i, Hra, and pa in specific modified theories of gravity. The numbers in the brackets
are the values of B8z, Buz, B., and B, for each theory, which represent the frequency dependences of HU, i, Hra, and pa.

Friction and speed Birefringences Damping and dispersion
Theories of gravity Ho i Hra (By) ra (Bu) HU (Bz) o (Ba)
Nonlocal gravity [15, 18, 19] — — — —
Time-dependent Planck mass gravity [20]
Extra dimension (DGP) [21, 22]
f(R) gravity [23]
f(T) gravity [24]
f(T, B) gravity [25]
£(Q) gravity [28]
Galileon Cosmology [29]
Horndeski [30, 31]
beyond Horndeski GLPV [32]
DHOST [33]

SME gravity sector [34, 35]
generalized scalar-torsion gravity [37]
teleparallel Horndeski [25]
generalized TeVeS theory [26, 27]
effective field theory of inflation [38]
Scalar-Gauss-Bonnet [36]
Einstein-AHether [39, 40]
bumblebee gravity [41]
Chern-Simons gravity [42, 49-51]
Palatini Chern-Simons [43]
Chiral-scalar-tensor [44—46]
Parity-violating scalar-nonmetricity [52—54]
Metric-affine Chern-Simons [47, 48]
Nieh-Yan teleparallel [55-57]

New general relativity [58]

Chiral Weyl gravity [85]

Spatial covariant gravities [61—63]
Havara with parity violation [64—66]
linear gravity with Lorentz violation [77]
diffeomorphism/Lorentz violating linear gravity [78]
Horava with mixed derivative coupling [67]
Horava gravity [68—72]
modified dispersion in extra dimension [79]
Noncommutative Geometry [80, 81]
Double special relativity theory [82—84]
consistent 4D Einstein-Gauss-Bonnet [73-75]
Lorentz violating Weyl gravity [76]
Massive gravity [59, 60]
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Amplitude Birefringence of GWSs

hy+2+v+v )Hhﬁx+(1+ﬁ+u,\)k2h,\=0, A=RorlL

It determines amplitude evolution of GWSs. Different
values for left and right-hand modes follows different
dampings of circular polarization modes. This is the

amplitude birefringence.

If ignoring the time-dependence of va. the evolution of GWs follows the relation

lha| oca=t—val2,



Velocity Birefringence of GWs

Ry + (240 +va)Hhy + (1 + i + pa)k*ha =0
1&4HL(km)

It determines the velocity of graviton. Different
values for left and right-hand polarization
modes follow that the velocities of two
modes are different, which is the so-called

velocity birefringence.

1818

In general, p1a can be parameterized as pup = (rpA(k/aA)"", pr = 1 and p;, = —1, which equals to the modified
dispersion relation

wi (k) = k%[1 + sgn(a)pa (k/aA)?],
which follows the group velocity of GWs, i.e.
va = 1 —sgn(a)(1/2)pa(k/aN)?,

* which follows that if one polarization mode is superluminal, then the other is subluminal.



GW waveform with parity violation

VA, WA #=5| /1 B IRNEA X A=Ror L
Hua = [pac(r) (k/aMpv)™| k=2nf
pa = pacy(7) (k/aMpy)™ Mpv : SRREGERESHR

< FIRRERAYS | 17 BRZ
ha(f) = hGR(1 + pabhy + Shy)eilPad¥a1+3¥2)

-

Bv !2{1\lpv!ﬁ” Bu+1 to « o
o0hy = _1 ( 2mf ) [au(TO) - au(Te)(l + Z)ﬂu] oV, = Bu+1 (er) le my"'_ldt’ ’B‘” 7& 1,
2 \ Mpv A—/Izm'-lnufto aﬁdt, ,By = -1,

Chern-Simons; chiral scalar-tensor; Horava with parity violation;
spatial covariant gravities; Nieh-Yan; symmetric teleparallel gravities;
Host action; standard model extension; ......



Tests of amplitude birefringence

VA #=3| 71 B IREH £

dhy = (;}K/)ﬂ [ (r0) — @ (72) (1 + 2)] B, =1

— GW190727 060333
GW200112_ 155838
GW190513 205428
GW190915 235702
GW190803 022701
GW200311 115853
other GW events

90% upper limit

Probability Densitiy
o
N
o

0 2 4 6 8 10 12 14
Ma! [1021/GeV]

Mpy > 4.1 x 107%% GeV

Y.F. Wang, R. Niu, T. Zhu, W. Zhao, APJ 908, 58 (2021).
T. Zhu, W. Zhao, A. Wang, et. al., in preparation (2023)



Phase corrections due to velocity birefringence

hy = hG™ — RSG50,

§Uy ~ fPutl
hy = hSR 4+ hSR§0, 1~/
([ (2/Mpy)Pr o Butl ot
5\111 — | /B,uzjfl) ./tb/l;“_Fl teo #7 B'u # _17
\@ 1nuftteo a,,dt, B, = —1.

Nieh-Yan modified teleparallel gravity
Symmetric teleparallel equivalence of GR theory; ...

Ghost-free PV gravities,
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Tests of velocity birefringence: 5, = —

HA F=35] 71 B IRF A%
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Tests of velocity birefringence: ﬁﬂ =1

HA F=35] 71 B IRF A%
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Q Z.C.Zhao, Z.Cao and S.Wang, APJ 930, 139 (2022).



Tests of velocity birefringence: 3, =3
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Summary

» A parametrized GW propagations

4+20+7+va)Hhiy + (1 +E+pa)k*ha =0, A=R,L

» GW waveform with Lorentz/parity violation

ha(£) = REE(F)(L+ padhy + Ohg)elPad¥i+0¥2),

» GW constraintson M_LV and M_PV

TABLE III. Results from the Bayesian analysis of the parity- and Lorentz-violating waveforms with GW events in GWTC-3.

The table shows 90%-credible upper bounds on Mpy for 8, = —1 (for velocity birefringence) and lower bounds on Mpy and
My for other cases. We also include bounds for several cases derived from existing tests with GWTC-1/GWTC-2/GWTC-3

in Refs. [6-8, 57, 63, 89] for comparison.
MPV [GeV] MLV [GeV]
Bv =1 Pu=—1 Bu=3 Br =2 Bp=2 Bn=4
GWTC-1 1.0 x 10~** [89] — — 0.8 x 107" [6] —
GWTC-2 - 6.5x 1072 [57] 1.0 x 107'* [63] — 1350~ ] 24107 [63]
GWTC-3 - — - — 1.8 x 107! [g] —
This work 41510~ 6.9:%:107% 1.9:5¢10~4 145030~ Tels10—* Q.10

42



Summary

W, VEVA, WA F=5] 7 B IR F 48 %

TABLE III. Results from the Bayesian analysis of the parity- and Lorentz-violating waveforms with GW events in GWTC-3.
The table shows 90%-credible upper bounds on Mpy for 8, = —1 (for velocity birefringence) and lower bounds on Mpyv and
My for other cases. We also include bounds for several cases derived from existing tests with GWTC-1/GWTC-2/GWTC-3
in Refs. [6-8, 57, 63, 89] for comparison.
Mpv [GeV] My [GeV]
By =1 Bu=—1 Bu=3 B =2 B =2 Ba=4
GWTC-1  1.0x 107 [89] 0.8 x 107" [6] -

—42 —14 -11 —16
GWTC-2 6.5x 1072 [57] 1.0 x 107 [63] — 13x1071 [7] 2.4 x 107 [63]
-11
GWTC-3 — — i = 1.8 x 1071 [g] .
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FIG. 1. The posterior distributions for M;\’?" with 3, = 1, Mp_\f“ with 8, = —1,3, M;f" with 8, = 2, and M;\}3 # with
Ba = 2,4 from selected GW events in the GWTC-3. The legend indicates the events that give the tightest constraints. The
vertical dash line in each figure denotes the 90% upper limits from the combined result.



TABLE I. Corresponding parameters Ho, i, Hra, and pa in specific modified theories of gravity. The numbers in the brackets
are the values of B8z, Buz, B., and B, for each theory, which represent the frequency dependences of HU, i, Hra, and pa.

Friction and speed Birefringences Damping and dispersion
Theories of gravity Ho i Hra (By) ra (Bu) HU (Bz) o (Ba)
Nonlocal gravity [15, 18, 19] — — — —
Time-dependent Planck mass gravity [20]
Extra dimension (DGP) [21, 22]
f(R) gravity [23]
f(T) gravity [24]
f(T, B) gravity [25]
£(Q) gravity [28]
Galileon Cosmology [29]
Horndeski [30, 31]
beyond Horndeski GLPV [32]
DHOST [33]

SME gravity sector [34, 35]
generalized scalar-torsion gravity [37]
teleparallel Horndeski [25]
generalized TeVeS theory [26, 27]
effective field theory of inflation [38]
Scalar-Gauss-Bonnet [36]
Einstein-AHether [39, 40]
bumblebee gravity [41]
Chern-Simons gravity [42, 49-51]
Palatini Chern-Simons [43]
Chiral-scalar-tensor [44—46]
Parity-violating scalar-nonmetricity [52—54]
Metric-affine Chern-Simons [47, 48]
Nieh-Yan teleparallel [55-57]

New general relativity [58]

Chiral Weyl gravity [85]

Spatial covariant gravities [61—63]
Havara with parity violation [64—66]
linear gravity with Lorentz violation [77]
diffeomorphism/Lorentz violating linear gravity [78]
Horava with mixed derivative coupling [67]
Horava gravity [68—72]
modified dispersion in extra dimension [79]
Noncommutative Geometry [80, 81]
Double special relativity theory [82—84]
consistent 4D Einstein-Gauss-Bonnet [73-75]
Lorentz violating Weyl gravity [76]
Massive gravity [59, 60]
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Spatial covariant gravities

< Time diffeomorphism violation but keep spatial covariance
*» A lot of modified gravities can map to spatial covariant gravities

*» A general framework for exploring different modified gravities

d (d¢,ds) operators
0 (0,0) 1
(1,0) K
(0, 1) -
(2, 0) Ki;, K?
2 (1, 1) -
0, 2) R
(3, 0) Ki;K'*K,, K;;K"K, K°
3 (2, 1) EiijZVJKM
(1, 2) V'V’K,;, V’K, R7K,;, RK
(0, 3) w3(l)
(4, 0) K, K'*K|K, (Ki;K7)*, K;K"K?, K*
(3, 1) Eijk Vi Ko KIM K 6,3 VKL KEK™, €, V'K] KM K
4 (2, 2) ViKi;VFK7, V,K;;V*K7, V, K7V KF, V,K7V,;K,V,KV'K, Ri;K.K’*, RK;;K”, Ri;K7K, RK*
(1, 3) Eiij”VJKlk, &'ijkvtRZKkl, w:;(F)K
(0, 4) VV’R;;, V?R, R;,R7, R?




Tests of spatial covariant gravities

TABLE II. The corresponding values of the parameters (as, 87, oz, Ba, @v, Bv, o, Bu) for different terms in defined in (3.16)
and (3.17).

H I Hva Ha

ap Bs an Ba ay Bu oy Bu related coefficients
Go In Go 0 1/Go 0 — — — — 20 30 (30 (80) (3.0) (4.0)
G — — — —  GiMpv 1 —Gi1Mpv 1 e SR S S
Go g2MEv 2 —gszv 2 — — _ _ (12 )2)
Wo _ _ Wo 0 _ _ _ _ (0 2) (1 2) (1 2) (2 2) ’(,2:2) ngsz) c§2,2)
W o o o o o o Wi Mpy 1 (o 3) (1 3) (1 3) (1 3)
We|  —  — GME 2 - = — — o

TABLE IV. Summary of estimations for bounds of the coupling coefficients in spatial covariant gravities. Note that all the

coefficients are estimated approximately at present time, i..e, z = 0. Here [@min, bmax] represents constraints with apin and bmax
being the lower the upper bounds, respectively.

Coefficients bounds related coefficients datasets used
Y0 _ 1 30.7] x 10~16 (2 R (3 o) cga ) (4 0), S 0) (4 0 mult-messenge observations
Ve~ [-30,7] x No 2) o 2) (7)o 2) o o} o 2) Nex of GW170817 [37, 38]

(InGo)’ . (2,0) (3,0) (3,0) (4,0) (4,0) (4,0) dark sirens in GWTC-3 with

H 3.0, 2.5] ‘o na e e e G BBH mass distributions [47]

tests of amplitude birefringence
< 2065 k . .
o < 2065 km JRCRY R CRVRCRVRERY with LIGO-Virgo 01/02 [48]
! < 1000 km om0 0 from statistic distribution of

cost in GWTC-2 [50]

c§°’3) . 3) (1 3) S 3) tests of velocity birefringence

—18 cy

o S0 (21, () (o1 o) with 4-0GC [58]

Ws — Go <1.2% 10710 p? 22 0(0,4) tests of Lorentz-violating
I ~ 1 y =3

dispersion with GWTC-3 [13]

TZ, W. Zhao, A. Wang, PRD107, 044051 (2023)






