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Tests of gravities with gravitational 
waves
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q Predicted by Albert Einstein in 1916, based on general relativity, 
just proposed a year ago

Gravitational Waves



Detection of Gravitational Waves
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GW150914 
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Signals of GW150914



GWs in general relativity

9

v Two independent polarizations

v Quadrupole radiation

v Propagate at speed of light

v Damping as inverse of d_L

v massless

v No briefringences

v ………

<latexit sha1_base64="/ZFj3PhztJ8XP5WtAqr/ihvY7Es=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIi6rLoxoWLCvYBTQiTyaQdOjMJMxOhhuCvuHGhiFv/w51/47TNQlsPXDiccy/33hOmjCrtON/W0vLK6tp6ZaO6ubW9s2vv7XdUkklM2jhhieyFSBFGBWlrqhnppZIgHjLSDUfXE7/7QKSiibjX45T4HA0EjSlG2kiBfTiEnqIcerFEOHeLPApui8CuOXVnCrhI3JLUQIlWYH95UYIzToTGDCnVd51U+zmSmmJGiqqXKZIiPEID0jdUIE6Un0+vL+CJUSIYJ9KU0HCq/p7IEVdqzEPTyZEeqnlvIv7n9TMdX/o5FWmmicCzRXHGoE7gJAoYUUmwZmNDEJbU3ArxEJkctAmsakJw519eJJ1G3T2vN+7Oas2rMo4KOALH4BS44AI0wQ1ogTbA4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD/sZlO8=</latexit>

h ⇠ 1

dL



GWs in modified gravities

10

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

Polarization Generation

Detection Propagation



v Tests of GW generation

v Tests of extra polarization

v Tests of GW propagation

v Tests of Kerr hypothesis with 
ringdown signals

v。。。。。。

Tests of gravities with GWs
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GW170817/GRB170817A对引力波速度的限制

v 极大地压缩了很多引力理论的参数空间

v 甚至排除了很多的修改引力

B. P. Abbott et al., 
ApJL 848, L13 (2017).



Tests of GR with LIGO-Virgo-KAGRA events

v Tests with GWTC-3

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



2.

Modified gravitational wave 
propagation
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GW Propagation in General Relativity

16

Ø Two independent polarization modes: h_R and  h_L

Ø Both modes propagate at speed of light

Ø Both modes have the same damping rate

Credit: 1606.02532
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• GW speed and friction (frequency-independent)

• Lorentz violation (nonlinear dispersion and frequency-dependent friction)

• Parity violation (amplitude and velocity birefringences)

GW friction
Amplitude
birefringence

Velocity
birefringence

Speed or Nonlinear 
dispersion 

Parametrization of Modified GW propagation



Case 1: GW speed and friction

<latexit sha1_base64="CfBedNa+2kBvp228QXTB3yQGiFA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48VTFtoQtlsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdYMIKxSIrF+tuXV3DrRKvILUoECrX/0KBgnJBJWGcKx1z3NTE+ZYGUY4nVaCTNMUkzEe0p6lEguqw3x+7xSdWWWA4kTZkgbN1d8TORZaT0RkOwU2I73szcT/vF5m4uswZzLNDJVksSjOODIJmj2PBkxRYvjEEkwUs7ciMsIKE2MjqtgQvOWXV0m7Ufcu6437i1rzpoijDCdwCufgwRU04Q5a4AMBDs/wCm/Oo/PivDsfi9aSU8wcwx84nz+xko/A</latexit>

µ̄

<latexit sha1_base64="gwS82jMzqnClTDO66D56AREGr9w=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ac0oUy2m3bpZhN3N0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKHT9ERXyZ9coVt+rOQVaJl5MK5Gj0yl9+P6FZzKShArXuem5qggkqw6lg05KfaZYiHeGAdS2VGDMdTOb3TsmZVfokSpQtachc/T0xwVjrcRzazhjNUC97M/E/r5uZ6DqYcJlmhkm6WBRlgpiEzJ4nfa4YNWJsCVLF7a2EDlEhNTaikg3BW355lbRqVe+yWru/qNRv8jiKcAKncA4eXEEd7qABTaAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wezF4/B</latexit>

⌫̄

<latexit sha1_base64="bziaQVMR7mfjFk1eLBKs4xly3kg=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCCykzRVRwU3TjsoJ9QGcomTTThiaZIckIZSj4K25cKOLW73Dn35g+Ftp64MLJOfeSe0+UcqaN5307S8srq2vrhY3i5tb2zq67t9/QSaYIrZOEJ6oVYU05k7RumOG0lSqKRcRpMxrcjv3mI1WaJfLBDFMaCtyTLGYEGyt13MMgwgoFIjtDwTWaPmTWcUte2ZsALRJ/RkowQ63jfgXdhGSCSkM41rrte6kJc6wMI5yOikGmaYrJAPdo21KJBdVhPll/hE6s0kVxomxJgybq74kcC62HIrKdApu+nvfG4n9eOzPxVZgzmWaGSjL9KM44MgkaZ4G6TFFi+NASTBSzuyLSxwoTYxMr2hD8+ZMXSaNS9i/KlfvzUvVmFkcBjuAYTsGHS6jCHdSgDgRyeIZXeHOenBfn3fmYti45s5kD+APn8wdB+5Rm</latexit>

µ̄, ⌫̄

v determine the GW speed：

v modifies GW friction

GWTC-3 with BBH population gives

<latexit sha1_base64="kQMVtyoLHQcmtbs+o1UuZbLbxIk="></latexit>

dgwL (z) = demL exp

⇢
1

2

Z z

0
⌫̄

dz0

1 + z0

�

<latexit sha1_base64="cxobN4Z1+5cqTvacydplCfA2iNQ=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIbixJvS5cFN24rGAv0JQymU7aoZNJmJkIIdRXceNCEbc+iDvfxmmbhbb+MPDxn3M4Z34/5kxpx/m2lpZXVtfWCxvFza3tnV17b7+pokQS2iARj2Tbx4pyJmhDM81pO5YUhz6nLX90O6m3HqlULBIPOo1pN8QDwQJGsDZWzy6dnKJr5PlYIk8kBquV855ddirOVGgR3BzKkKves7+8fkSSkApNOFaq4zqx7mZYakY4HRe9RNEYkxEe0I5BgUOqutn0+DE6Mk4fBZE0T2g0dX9PZDhUKg190xliPVTztYn5X62T6OCqmzERJ5oKMlsUJBzpCE2SQH0mKdE8NYCJZOZWRIZYYqJNXkUTgjv/5UVoVivuRaV6f1au3eRxFOAADuEYXLiEGtxBHRpAIIVneIU368l6sd6tj1nrkpXPlOCPrM8fz46STQ==</latexit>�3 < ⌫̄ < 2.5

利用电磁对
应体检验

利用引力波
标准汽笛检
验（电磁对
应体、宿主
星系、质量
分布与红移
分布、强引
力透镜等方
法）

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

frequency-independent

<latexit sha1_base64="tVrtgH2X6zI/EiWRpw5b+U1kCRA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCINSkiHoRil48VrAf0ISy2W7apZtN2N2IJfSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCmdKO820VVlbX1jeKm6Wt7Z3dPXu/3FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2MLqd+u1HKhWLxYMeJ9SP8ECwkBGsjdSzy6Q3QNfIPfUCLJEXpWe1nl1xqs4MaJm4OalAjkbP/vL6MUkjKjThWKmu6yTaz7DUjHA6KXmpogkmIzygXUMFjqjys9ntE3RslD4KY2lKaDRTf09kOFJqHAWmM8J6qBa9qfif1011eOVnTCSppoLMF4UpRzpG0yBQn0lKNB8bgolk5lZEhlhiok1cJROCu/jyMmnVqu5FtXZ/Xqnf5HEU4RCO4ARcuIQ63EEDmkDgCZ7hFd6sifVivVsf89aClc8cwB9Ynz9ck5K4</latexit>

cg = 1 + µ̄/2

<latexit sha1_base64="k+uTSQGoE3HDNOmjo8ThZua3knU=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiaUlaaBkYKlgYi0QfUhMqx3Vaq44T2Q5SFeVDWPgVFgYQYmFA4m9wHwNtOZKlc8+5V9f3eBGjUlnWj5FZWV1b38hu5ra2d3b3zP2DpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS84c3Ybz0SIWnI79UoIm6A+pz6FCOlpa5ZLpSho2hAJLSth6RgX6TwCjoeEtAJ4rOSLqrzDZW0a+atojUBXCb2jOTBDPWu+eX0QhwHhCvMkJQd24qUmyChKGYkzTmxJBHCQ9QnHU050tvcZHJcCk+00oN+KPTjCk7UvxMJCqQcBZ7uDJAayEVvLP7ndWLlX7oJ5VGsCMfTRX7MoArhOCnYo4JgxUaaICyo/ivEAyQQVjrPnA7BXjx5mTRLRbtSLN2d52vXsziy4Agcg1NggyqogVtQBw2AwRN4AW/g3Xg2Xo0P43PamjFmM4dgDsb3LwX1naA=</latexit>

�3⇥ 10�15 < µ̄/2 < 7⇥ 10�16



Case 2: Lorentz violating effects
<latexit sha1_base64="bziaQVMR7mfjFk1eLBKs4xly3kg=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCCykzRVRwU3TjsoJ9QGcomTTThiaZIckIZSj4K25cKOLW73Dn35g+Ftp64MLJOfeSe0+UcqaN5307S8srq2vrhY3i5tb2zq67t9/QSaYIrZOEJ6oVYU05k7RumOG0lSqKRcRpMxrcjv3mI1WaJfLBDFMaCtyTLGYEGyt13MMgwgoFIjtDwTWaPmTWcUte2ZsALRJ/RkowQ63jfgXdhGSCSkM41rrte6kJc6wMI5yOikGmaYrJAPdo21KJBdVhPll/hE6s0kVxomxJgybq74kcC62HIrKdApu+nvfG4n9eOzPxVZgzmWaGSjL9KM44MgkaZ4G6TFFi+NASTBSzuyLSxwoTYxMr2hD8+ZMXSaNS9i/KlfvzUvVmFkcBjuAYTsGHS6jCHdSgDgRyeIZXeHOenBfn3fmYti45s5kD+APn8wdB+5Rm</latexit>

µ̄, ⌫̄
<latexit sha1_base64="fDKGekdWOVdF5n/YeFq1jHK3FUE=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBaSiT6aQdOpkJMxOhhH6GGxeKuPVr3Pk3TtoKKnrgwuGce7n3nihlVGnH+bBWVtfWNzZLW+Xtnd29/crBYUeJTGLSxoIJ2YuQIoxy0tZUM9JLJUFJxEg3mlwXfveeSEUFv9PTlIQJGnEaU4y0kYIJvIQe7KcUxoNK1bEvGjXPr0HHdpy667kF8er+uQ9doxSogiVag8p7fyhwlhCuMUNKBa6T6jBHUlPMyKzczxRJEZ6gEQkM5SghKsznJ8/gqVGGMBbSFNdwrn6fyFGi1DSJTGeC9Fj99grxLy/IdNwIc8rTTBOOF4vijEEtYPE/HFJJsGZTQxCW1NwK8RhJhLVJqWxC+PoU/k86nu3WbO/WrzavlnGUwDE4AWfABXXQBDegBdoAAwEewBN4trT1aL1Yr4vWFWs5cwR+wHr7BI02kCY=</latexit>

k = 2⇡f
<latexit sha1_base64="7aZUgZdMix4o0MozyPwk3NdQNWY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW3dFNy4UKtgHtqFMppN26MwkzEyEEvoXblwo4ta/ceffOGkrqOiBC4dz7uXee8KEUaUd58NaWl5ZXVsvbBQ3t7Z3dkt7+y0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w/FF7rfviVQ0Frd6kpCAo6GgEcVIG+nuup/1JIdXrWm/VHbss1rF8yvQsR2n6npuTryqf+pD1yg5ymCBRr/03hvEOOVEaMyQUl3XSXSQIakpZmRa7KWKJAiP0ZB0DRWIExVks4un8NgoAxjF0pTQcKZ+n8gQV2rCQ9PJkR6p314u/uV1Ux3VgoyKJNVE4PmiKGVQxzB/Hw6oJFiziSEIS2puhXiEJMLahFQ0IXx9Cv8nLc92K7Z345fr54s4CuAQHIET4IIqqINL0ABNgIEAD+AJPFvKerRerNd565K1mDkAP2C9fQJv2ZDI</latexit>

MLV ： Lorentz 破缺能标

v Nonlinear dispersion relation

v frequency-dependent GW friction

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!……..

are frequency-dependent

<latexit sha1_base64="NfOFTcYX4DaYejFh+lCxJLqLhRY=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlaEkqBIwVLIxFog+pCZXjOq1Vx7FsB6lKu7LwKywMIMTKH7DxN7htBmg5kqWjc+7V9TmBYFRpx/m2lpZXVtfWcxv5za3tnV17b7+h4kRiUscxi2UrQIowykldU81IS0iCooCRZjC4nvjNByIVjfmdHgriR6jHaUgx0kbq2HDUH0FPyFjoGKL7tOSWvABJ6PGkODg5rYw7dsEpO1PAReJmpAAy1Dr2l9eNcRIRrjFDSrVdR2g/RVJTzMg47yWKCIQHqEfahnIUEeWn0yRjeGyULgxjaR7XcKr+3khRpNQwCsxkhHRfzXsT8T+vnejw0k8pF4kmHM8OhQmDJvWkFtilkmDNhoYgLKn5K8R9JBHWpry8KcGdj7xIGpWye16u3J4VqldZHTlwCI5AEbjgAlTBDaiBOsDgETyDV/BmPVkv1rv1MRtdsrKdA/AH1ucPb22Y4Q==</latexit>

|h| / a�1�⌫̄(k)/2

<latexit sha1_base64="ZJ37Km3Vf5jDx3hrboVj5gubDYY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpSkiLoRim5cVrAPaEKZTCft0JlJmJkIJWTpxl9x40IRt36CO//GaZuFth64cDjnXu69J4gZVdpxvq3C0vLK6lpxvbSxubW9Y+/utVSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORjcTv/1ApKKRuNfjmPgcDQQNKUbaSD37EPcG8Aq6p9ALJcKpm6W1zAuQhB5PKqOTnl12qs4UcJG4OSmDHI2e/eX1I5xwIjRmSKmu68TaT5HUFDOSlbxEkRjhERqQrqECcaL8dPpIBo+N0odhJE0JDafq74kUcaXGPDCdHOmhmvcm4n9eN9HhpZ9SESeaCDxbFCYM6ghOUoF9KgnWbGwIwpKaWyEeIhOINtmVTAju/MuLpFWruufV2t1ZuX6dx1EEB+AIVIALLkAd3IIGaAIMHsEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/AOG+mAA=</latexit>

cg = 1 +
1

2
µ̄(k)

<latexit sha1_base64="QRdE7MajhKOc3EF1HeqfghMw7bI=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqQkmKqBuh6MZlBfuAJobJdNIOncmEmYlQQhdu/BU3LhRx60e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9sFDe3tnd27b39lhKpxKSJBROyEyJFGI1JU1PNSCeRBPGQkXY4vJ747QciFRXxnR4lxOeoH9OIYqSNFNglT3DSR8HwvnZpClbcEy9EEno8PQ7sslN1poCLxM1JGeRoBPaX1xM45STWmCGluq6TaD9DUlPMyLjopYokCA9Rn3QNjREnys+mT4zhkVF6MBLSVKzhVP09kSGu1IiHppMjPVDz3kT8z+umOrrwMxonqSYxni2KUga1gJNEYI9KgjUbGYKwpOZWiAdIIqxNbkUTgjv/8iJp1aruWbV2e1quX+VxFEAJHIIKcME5qIMb0ABNgMEjeAav4M16sl6sd+tj1rpk5TMH4A+szx8UxZZz</latexit>

!2
k = k2(1 + µ̄)



Case 3: Parity violating effects

<latexit sha1_base64="fDKGekdWOVdF5n/YeFq1jHK3FUE=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBaSiT6aQdOpkJMxOhhH6GGxeKuPVr3Pk3TtoKKnrgwuGce7n3nihlVGnH+bBWVtfWNzZLW+Xtnd29/crBYUeJTGLSxoIJ2YuQIoxy0tZUM9JLJUFJxEg3mlwXfveeSEUFv9PTlIQJGnEaU4y0kYIJvIQe7KcUxoNK1bEvGjXPr0HHdpy667kF8er+uQ9doxSogiVag8p7fyhwlhCuMUNKBa6T6jBHUlPMyKzczxRJEZ6gEQkM5SghKsznJ8/gqVGGMBbSFNdwrn6fyFGi1DSJTGeC9Fj99grxLy/IdNwIc8rTTBOOF4vijEEtYPE/HFJJsGZTQxCW1NwK8RhJhLVJqWxC+PoU/k86nu3WbO/WrzavlnGUwDE4AWfABXXQBDegBdoAAwEewBN4trT1aL1Yr4vWFWs5cwR+wHr7BI02kCY=</latexit>

k = 2⇡f

： 宇称破缺能标

v Amplitude birefringence

v Velocity birefringence

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

<latexit sha1_base64="qkANQIhNLslLjLJOeWvxzr+zSB0=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuJAyU0QFN1U3LivYC3TGkknTNjTJDElGKUPfw40LRdz6Lu58G9N2Ftr6Q+DjP+dwTv4w5kwb1/12ckvLK6tr+fXCxubW9k5xd6+ho0QRWicRj1QrxJpyJmndMMNpK1YUi5DTZji8mdSbj1RpFsl7M4ppIHBfsh4j2FjrwZdJ5+rEv0S+sNApltyyOxVaBC+DEmSqdYpffjciiaDSEI61bntubIIUK8MIp+OCn2gaYzLEfdq2KLGgOkinV4/RkXW6qBcp+6RBU/f3RIqF1iMR2k6BzUDP1ybmf7V2YnoXQcpknBgqyWxRL+HIRGgSAeoyRYnhIwuYKGZvRWSAFSbGBlWwIXjzX16ERqXsnZUrd6el6nUWRx4O4BCOwYNzqMIt1KAOBBQ8wyu8OU/Oi/PufMxac042sw9/5Hz+ADSaka0=</latexit>⌫A, µA

<latexit sha1_base64="Fb2UQdRP86GIQN2A3c5zYyEjLrY=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunEjVLAPbEOZTCft0JlJmJkIJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu994QJo0o7zodVWFldW98obpa2tnd298r7B20VpxKTFo5ZLLshUoRRQVqaaka6iSSIh4x0wsll7nfuiVQ0Frd6mpCAo5GgEcVIG+nuepD1JYfN9mxQrjj2eb3q+VXo2I5Tcz03J17NP/Oha5QcFbBEc1B+7w9jnHIiNGZIqZ7rJDrIkNQUMzIr9VNFEoQnaER6hgrEiQqy+cUzeGKUIYxiaUpoOFe/T2SIKzXloenkSI/Vby8X//J6qY7qQUZFkmoi8GJRlDKoY5i/D4dUEqzZ1BCEJTW3QjxGEmFtQiqZEL4+hf+Ttme7Vdu78SuNi2UcRXAEjsEpcEENNMAVaIIWwECAB/AEni1lPVov1uuitWAtZw7BD1hvn3XxkMw=</latexit>

MPV

are frequency-dependent

<latexit sha1_base64="WEwL3qvLXPk6wXCLM1my/PZsV54=">AAACCXicbVA9SwNBEN2L3/ErammzGAQbw10QtRFEGwuLKOYDkhD2NhOzZG/v2J0Tw3GtjX/FxkIRW/+Bnf/GzSWFRh8MPN6b2dl5fiSFQdf9cnIzs3PzC4tL+eWV1bX1wsZmzYSx5lDloQx1w2cGpFBQRYESGpEGFvgS6v7gfOTX70AbEaobHEbQDtitEj3BGVqpU6AtFXeu6QltIdxj9l6ioZsm+2lmXXYKRbfkZqB/iTchRTJBpVP4bHVDHgegkEtmTNNzI2wnTKPgEtJ8KzYQMT5gt9C0VLEATDvJNqd01ypd2gu1LYU0U39OJCwwZhj4tjNg2DfT3kj8z2vG2DtuJ0JFMYLi40W9WFIM6SgW2hUaOMqhJYxrYf9KeZ9pxtGGl7cheNMn/yW1csk7LJWvDoqnZ5M4Fsk22SF7xCNH5JRckAqpEk4eyBN5Ia/Oo/PsvDnv49acM5nZIr/gfHwDJ4OaAQ==</latexit>⌫R = �⌫L
<latexit sha1_base64="anaJf7Cfj8EW+ChGyx7uR/JtpLE=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDYGHaDqI0QtLGwiGIekIQwO7lJhsw+mLkrhmVbG3/FxkIRW//Azr9xskmhiQcuHM65d+7c44ZSaLTtbyuzsLi0vJJdza2tb2xu5bd3ajqIFIcqD2SgGi7TIIUPVRQooREqYJ4roe4OL8d+/R6UFoF/h6MQ2h7r+6InOEMjdfK05UWdW3pOWwgPmL4XK+gm8VGSWtedfMEu2inoPHGmpECmqHTyX61uwCMPfOSSad107BDbMVMouIQk14o0hIwPWR+ahvrMA92O080JPTBKl/YCZcpHmqq/J2LmaT3yXNPpMRzoWW8s/uc1I+ydtWPhhxGCzyeLepGkGNBxLLQrFHCUI0MYV8L8lfIBU4yjCS9nQnBmT54ntVLROSmWbo4L5YtpHFmyR/bJIXHIKSmTK1IhVcLJI3kmr+TNerJerHfrY9KasaYzu+QPrM8fJFqZ/w==</latexit>µR = �µL

<latexit sha1_base64="enizo9v8AEmYsDxMTqIBLFoba7E=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDC1JhYCxhYWxSPQhNSFyXLe16jiR7SBVaUcWfoWFAYRY+QQ2/ga3zQAtR7J0dM69uj7HjxiVyrK+jczS8srqWnY9t7G5tb1j7u41ZBgLTOo4ZKFo+UgSRjmpK6oYaUWCoMBnpOkPrid+84EISUN+p4YRcQPU47RLMVJa8szDUd+rjqATiTBSIUT3SdEuOjz2qoXByWl57Jl5q2RNAReJnZI8SFHzzC+nE+I4IFxhhqRs21ak3AQJRTEj45wTSxIhPEA90taUo4BIN5kGGcNjrXRgNxT6cQWn6u+NBAVSDgNfTwZI9eW8NxH/89qx6l66CeVRrAjHs0PdmEEdedIK7FBBsGJDTRAWVP8V4j4SCCvdXU6XYM9HXiSNcsk+L5Vvz/KVq7SOLDgAR6AAbHABKuAG1EAdYPAInsEreDOejBfj3fiYjWaMdGcf/IHx+QOSTZhm</latexit>

|hA| / a�1�⌫A(k)/2

<latexit sha1_base64="OYQrTyiKasY6kvQu7YUNZ8VgkPU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFahJIUUTdCqxuXFewDmjRMppN2yEwSZiZCCV248VfcuFDErR/hzr9x+lho64ELh3Pu5d57/IRRqSzr21hZXVvf2Mxt5bd3dvf2zYPDloxTgUkTxywWHR9JwmhEmooqRjqJIIj7jLT98Gbitx+IkDSO7tUoIS5Hg4gGFCOlJc8sODEnA+TVe9VSWL4Ke1VYsk8dnnr1smcWrYo1BVwm9pwUwRwNz/xy+jFOOYkUZkjKrm0lys2QUBQzMs47qSQJwiEakK6mEeJEutn0iTE80UofBrHQFSk4VX9PZIhLOeK+7uRIDeWiNxH/87qpCi7djEZJqkiEZ4uClEEVw0kisE8FwYqNNEFYUH0rxEMkEFY6t7wOwV58eZm0qhX7vFK9OyvWrudx5EABHIMSsMEFqIFb0ABNgMEjeAav4M14Ml6Md+Nj1rpizGeOwB8Ynz9PeJX0</latexit>

!2
A(k) = k2(1 + µA)

<latexit sha1_base64="wunRnsugOxtMrY+cQNLwHDe1k1c=">AAACA3icbVDLSsNAFJ34rPUVdaebwSIIQkmKqBuh6sZlBfuAJoTJdNIOnZmEmYlQQsCNv+LGhSJu/Ql3/o3TNgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDsc3oz99gORisbiXo8S4nPUFzSiGGkjBfY+Dq7gJXRPoBdJhDM3z2q5x1OjBnbFqToTwHniFqQCCjQC+8vrxTjlRGjMkFJd10m0nyGpKWYkL3upIgnCQ9QnXUMF4kT52eSHHB4ZpQejWJoSGk7U3xMZ4kqNeGg6OdIDNeuNxf+8bqqjCz+jIkk1EXi6KEoZ1DEcBwJ7VBKs2cgQhCU1t0I8QCYLbWIrmxDc2ZfnSatWdc+qtbvTSv26iKMEDsAhOAYuOAd1cAsaoAkweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5AzJxlfs=</latexit>

cA = 1 +
1

2
µA
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Amplitude and phase modifications to waveform

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)

Amplitude modifications
<latexit sha1_base64="gO8guqkY1GW4H+0vp/rqLEpN5js="></latexit>

hA = hGR
A (1 + ⇢A�h1 + �h2)

Phase modifications

<latexit sha1_base64="f1P9DUosfSgNe4rgBKvZLwadyK4="></latexit>

hA = hGR
A ei(⇢A� 1+� 2)

GW frictionAmplitude
birefringence

Velocity
birefringence Nonlinear 

dispersion 



3.

Tests of Lorentz symmetry of 
gravity
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Standard Model Extension

Horava-Lifshitz Gravity
Loop Quantum Gravity

Lorentz violation in gravity
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GW waveform with Lorentz violation

8()*9:;<
<latexit sha1_base64="bziaQVMR7mfjFk1eLBKs4xly3kg=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCCykzRVRwU3TjsoJ9QGcomTTThiaZIckIZSj4K25cKOLW73Dn35g+Ftp64MLJOfeSe0+UcqaN5307S8srq2vrhY3i5tb2zq67t9/QSaYIrZOEJ6oVYU05k7RumOG0lSqKRcRpMxrcjv3mI1WaJfLBDFMaCtyTLGYEGyt13MMgwgoFIjtDwTWaPmTWcUte2ZsALRJ/RkowQ63jfgXdhGSCSkM41rrte6kJc6wMI5yOikGmaYrJAPdo21KJBdVhPll/hE6s0kVxomxJgybq74kcC62HIrKdApu+nvfG4n9eOzPxVZgzmWaGSjL9KM44MgkaZ4G6TFFi+NASTBSzuyLSxwoTYxMr2hD8+ZMXSaNS9i/KlfvzUvVmFkcBjuAYTsGHS6jCHdSgDgRyeIZXeHOenBfn3fmYti45s5kD+APn8wdB+5Rm</latexit>

µ̄, ⌫̄
<latexit sha1_base64="fDKGekdWOVdF5n/YeFq1jHK3FUE=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBaSiT6aQdOpkJMxOhhH6GGxeKuPVr3Pk3TtoKKnrgwuGce7n3nihlVGnH+bBWVtfWNzZLW+Xtnd29/crBYUeJTGLSxoIJ2YuQIoxy0tZUM9JLJUFJxEg3mlwXfveeSEUFv9PTlIQJGnEaU4y0kYIJvIQe7KcUxoNK1bEvGjXPr0HHdpy667kF8er+uQ9doxSogiVag8p7fyhwlhCuMUNKBa6T6jBHUlPMyKzczxRJEZ6gEQkM5SghKsznJ8/gqVGGMBbSFNdwrn6fyFGi1DSJTGeC9Fj99grxLy/IdNwIc8rTTBOOF4vijEEtYPE/HFJJsGZTQxCW1NwK8RhJhLVJqWxC+PoU/k86nu3WbO/WrzavlnGUwDE4AWfABXXQBDegBdoAAwEewBN4trT1aL1Yr4vWFWs5cwR+wHr7BI02kCY=</latexit>

k = 2⇡f
<latexit sha1_base64="7aZUgZdMix4o0MozyPwk3NdQNWY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW3dFNy4UKtgHtqFMppN26MwkzEyEEvoXblwo4ta/ceffOGkrqOiBC4dz7uXee8KEUaUd58NaWl5ZXVsvbBQ3t7Z3dkt7+y0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w/FF7rfviVQ0Frd6kpCAo6GgEcVIG+nuup/1JIdXrWm/VHbss1rF8yvQsR2n6npuTryqf+pD1yg5ymCBRr/03hvEOOVEaMyQUl3XSXSQIakpZmRa7KWKJAiP0ZB0DRWIExVks4un8NgoAxjF0pTQcKZ+n8gQV2rCQ9PJkR6p314u/uV1Ux3VgoyKJNVE4PmiKGVQxzB/Hw6oJFiziSEIS2puhXiEJMLahFQ0IXx9Cv8nLc92K7Z345fr54s4CuAQHIET4IIqqINL0ABNgIEAD+AJPFvKerRerNd565K1mDkAP2C9fQJv2ZDI</latexit>

MLV ： Lorentz 破缺能标

v Lorentz破缺的引力波波形

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

8()*9:;<

<latexit sha1_base64="9dj2BpXvOdt1Bc8OiNheXnMwchg=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GSyCq5DE0taFUHTjsoJ9QBPCZDpph04mYWYi1FD8FTcuFHHrf7jzb5y0FVT0wIXDOfdy7z1BwqhUlvVhFJaWV1bXiuuljc2t7Z3y7l5HxqnApI1jFotegCRhlJO2ooqRXiIIigJGusH4Mve7t0RIGvMbNUmIF6EhpyHFSGnJLx+4AVHIz9wACejydArPoeOXK5Z51qg51Rq0TMuq246dE6dePa1CWys5KmCBll9+dwcxTiPCFWZIyr5tJcrLkFAUMzItuakkCcJjNCR9TTmKiPSy2fVTeKyVAQxjoYsrOFO/T2QoknISBbozQmokf3u5+JfXT1XY8DLKk1QRjueLwpRBFcM8CjiggmDFJpogLKi+FeIREggrHVhJh/D1KfyfdBzTrpnOdbXSvFjEUQSH4AicABvUQRNcgRZoAwzuwAN4As/GvfFovBiv89aCsZjZBz9gvH0CkzyUqg==</latexit>

�⌫̄ = 2

<latexit sha1_base64="gwS82jMzqnClTDO66D56AREGr9w=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ac0oUy2m3bpZhN3N0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmKGvSRCSqE6JmgkvWNNwI1kkVwzgUrB2Obmd++4kpzRP5YMYpC2IcSB5xisZKHT9ERXyZ9coVt+rOQVaJl5MK5Gj0yl9+P6FZzKShArXuem5qggkqw6lg05KfaZYiHeGAdS2VGDMdTOb3TsmZVfokSpQtachc/T0xwVjrcRzazhjNUC97M/E/r5uZ6DqYcJlmhkm6WBRlgpiEzJ4nfa4YNWJsCVLF7a2EDlEhNTaikg3BW355lbRqVe+yWru/qNRv8jiKcAKncA4eXEEd7qABTaAg4Ble4c15dF6cd+dj0Vpw8plj+APn8wezF4/B</latexit>

⌫̄

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

<latexit sha1_base64="cVlV6mYB/06Itf3bpUt3PFiuXwU="></latexit>

MLV & 1.4⇥ 10�21 GeV



Tests of nonlinear dispersion relation

8()*9:;<

<latexit sha1_base64="Pxn3+u5qaN2kzbab0w+mEeFsXZI="></latexit>

�µ̄ = 2 and 4

<latexit sha1_base64="CfBedNa+2kBvp228QXTB3yQGiFA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48VTFtoQtlsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdYMIKxSIrF+tuXV3DrRKvILUoECrX/0KBgnJBJWGcKx1z3NTE+ZYGUY4nVaCTNMUkzEe0p6lEguqw3x+7xSdWWWA4kTZkgbN1d8TORZaT0RkOwU2I73szcT/vF5m4uswZzLNDJVksSjOODIJmj2PBkxRYvjEEkwUs7ciMsIKE2MjqtgQvOWXV0m7Ufcu6437i1rzpoijDCdwCufgwRU04Q5a4AMBDs/wCm/Oo/PivDsfi9aSU8wcwx84nz+xko/A</latexit>

µ̄

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

<latexit sha1_base64="q3ZlTsAvSJviC0/5X4oUOpOFHZc="></latexit>

MLV & 1.1⇥ 10�11 GeV

<latexit sha1_base64="NpWfDDAtxuRJy4Y4M259jSl+O68=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5DE0NaFUHTjsoJ9QBPCZDpph04ezEyEGoq/4saFIm79D3f+jZO2gooeuHA4517uvSdIGRXSND+00tLyyupaeb2ysbm1vaPv7nVEknFM2jhhCe8FSBBGY9KWVDLSSzlBUcBINxhfFn73lnBBk/hGTlLiRWgY05BiJJXk6wduQCTyczdAHLpRNoXn0Pb1qmmcNWq2U4OmYZp1y7YKYtedUwdaSilQBQu0fP3dHSQ4i0gsMUNC9C0zlV6OuKSYkWnFzQRJER6jIekrGqOICC+fXT+Fx0oZwDDhqmIJZ+r3iRxFQkyiQHVGSI7Eb68Q//L6mQwbXk7jNJMkxvNFYcagTGARBRxQTrBkE0UQ5lTdCvEIcYSlCqyiQvj6FP5POrZh1Qz72qk2LxZxlMEhOAInwAJ10ARXoAXaAIM78ACewLN2rz1qL9rrvLWkLWb2wQ9ob5+RspSp</latexit>

�µ̄ = 2



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

8()*9:;<

<latexit sha1_base64="Pxn3+u5qaN2kzbab0w+mEeFsXZI="></latexit>

�µ̄ = 2 and 4

<latexit sha1_base64="10O1bpukmZvFJ33H2At2zmaLJdM=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5DE0NaFUHTjsoJ9QBPCZDpph04ezEyEGoq/4saFIm79D3f+jZO2gooeuHA4517uvSdIGRXSND+00tLyyupaeb2ysbm1vaPv7nVEknFM2jhhCe8FSBBGY9KWVDLSSzlBUcBINxhfFn73lnBBk/hGTlLiRWgY05BiJJXk6wduQCTyczdAHLpRNoXn0PH1qmmcNWq2U4OmYZp1y7YKYtedUwdaSilQBQu0fP3dHSQ4i0gsMUNC9C0zlV6OuKSYkWnFzQRJER6jIekrGqOICC+fXT+Fx0oZwDDhqmIJZ+r3iRxFQkyiQHVGSI7Eb68Q//L6mQwbXk7jNJMkxvNFYcagTGARBRxQTrBkE0UQ5lTdCvEIcYSlCqyiQvj6FP5POrZh1Qz72qk2LxZxlMEhOAInwAJ10ARXoAXaAIM78ACewLN2rz1qL9rrvLWkLWb2wQ9ob5+UupSr</latexit>

�µ̄ = 4

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

<latexit sha1_base64="CfBedNa+2kBvp228QXTB3yQGiFA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48VTFtoQtlsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdYMIKxSIrF+tuXV3DrRKvILUoECrX/0KBgnJBJWGcKx1z3NTE+ZYGUY4nVaCTNMUkzEe0p6lEguqw3x+7xSdWWWA4kTZkgbN1d8TORZaT0RkOwU2I73szcT/vF5m4uswZzLNDJVksSjOODIJmj2PBkxRYvjEEkwUs7ciMsIKE2MjqtgQvOWXV0m7Ufcu6437i1rzpoijDCdwCufgwRU04Q5a4AMBDs/wCm/Oo/PivDsfi9aSU8wcwx84nz+xko/A</latexit>

µ̄

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

<latexit sha1_base64="KIMJYgEKlluj72p0KiIqSiTMxd4="></latexit>

MLV & 2.7⇥ 10�16 GeV



4.

Tests of parity symmetry of gravity

31



Nature is parity violating

32

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



Velocity Birefringence of GWs



GW waveform with parity violation

8()*9:;<

<latexit sha1_base64="fDKGekdWOVdF5n/YeFq1jHK3FUE=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBaSiT6aQdOpkJMxOhhH6GGxeKuPVr3Pk3TtoKKnrgwuGce7n3nihlVGnH+bBWVtfWNzZLW+Xtnd29/crBYUeJTGLSxoIJ2YuQIoxy0tZUM9JLJUFJxEg3mlwXfveeSEUFv9PTlIQJGnEaU4y0kYIJvIQe7KcUxoNK1bEvGjXPr0HHdpy667kF8er+uQ9doxSogiVag8p7fyhwlhCuMUNKBa6T6jBHUlPMyKzczxRJEZ6gEQkM5SghKsznJ8/gqVGGMBbSFNdwrn6fyFGi1DSJTGeC9Fj99grxLy/IdNwIc8rTTBOOF4vijEEtYPE/HFJJsGZTQxCW1NwK8RhJhLVJqWxC+PoU/k86nu3WbO/WrzavlnGUwDE4AWfABXXQBDegBdoAAwEewBN4trT1aL1Yr4vWFWs5cwR+wHr7BI02kCY=</latexit>

k = 2⇡f
： 宇称破缺能标

v宇称破缺的引力波波形

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

<latexit sha1_base64="qkANQIhNLslLjLJOeWvxzr+zSB0=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuJAyU0QFN1U3LivYC3TGkknTNjTJDElGKUPfw40LRdz6Lu58G9N2Ftr6Q+DjP+dwTv4w5kwb1/12ckvLK6tr+fXCxubW9k5xd6+ho0QRWicRj1QrxJpyJmndMMNpK1YUi5DTZji8mdSbj1RpFsl7M4ppIHBfsh4j2FjrwZdJ5+rEv0S+sNApltyyOxVaBC+DEmSqdYpffjciiaDSEI61bntubIIUK8MIp+OCn2gaYzLEfdq2KLGgOkinV4/RkXW6qBcp+6RBU/f3RIqF1iMR2k6BzUDP1ybmf7V2YnoXQcpknBgqyWxRL+HIRGgSAeoyRYnhIwuYKGZvRWSAFSbGBlWwIXjzX16ERqXsnZUrd6el6nUWRx4O4BCOwYNzqMIt1KAOBBQ8wyu8OU/Oi/PufMxac042sw9/5Hz+ADSaka0=</latexit>⌫A, µA

<latexit sha1_base64="Fb2UQdRP86GIQN2A3c5zYyEjLrY=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZIY2rorunEjVLAPbEOZTCft0JlJmJkIJfQv3LhQxK1/486/cdJWUNEDFw7n3Mu994QJo0o7zodVWFldW98obpa2tnd298r7B20VpxKTFo5ZLLshUoRRQVqaaka6iSSIh4x0wsll7nfuiVQ0Frd6mpCAo5GgEcVIG+nuepD1JYfN9mxQrjj2eb3q+VXo2I5Tcz03J17NP/Oha5QcFbBEc1B+7w9jnHIiNGZIqZ7rJDrIkNQUMzIr9VNFEoQnaER6hgrEiQqy+cUzeGKUIYxiaUpoOFe/T2SIKzXloenkSI/Vby8X//J6qY7qQUZFkmoi8GJRlDKoY5i/D4dUEqzZ1BCEJTW3QjxGEmFtQiqZEL4+hf+Ttme7Vdu78SuNi2UcRXAEjsEpcEENNMAVaIIWwECAB/AEni1lPVov1uuitWAtZw7BD1hvn3XxkMw=</latexit>

MPV



Tests of amplitude birefringence

8()*9:;<

<latexit sha1_base64="J0oBuWi/gY2WjJp3O9IAM1dI5XE=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZIY2roQim5cVrAPaEKYTKft0MkkzEyEGvolblwo4tZPceffOGkrqOiBC4dz7uXee6KUUals+8NYWV1b39gsbZW3d3b3Kub+QUcmmcCkjROWiF6EJGGUk7aiipFeKgiKI0a60eSq8Lt3REia8Fs1TUkQoxGnQ4qR0lJoVvyIKBTmPs9m8AI6oVm1rfNGzfVq0LZsu+64TkHcunfmQUcrBapgiVZovvuDBGcx4QozJGXfsVMV5EgoihmZlf1MkhThCRqRvqYcxUQG+fzwGTzRygAOE6GLKzhXv0/kKJZyGke6M0ZqLH97hfiX18/UsBHklKeZIhwvFg0zBlUCixTggAqCFZtqgrCg+laIx0ggrHRWZR3C16fwf9JxLadmuTdetXm5jKMEjsAxOAUOqIMmuAYt0AYYZOABPIFn4954NF6M10XrirGcOQQ/YLx9AigsksY=</latexit>

�⌫ = 1

<latexit sha1_base64="SYIMWFw+7V7MbPyYcaqHjPfFhyA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeqF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzLr3fTKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+SZq3qXVZrDxeV+m0eRxFO4BTOwYMrqMM9NMAHBhye4RXeHOm8OO/Ox6K14OQzx/AHzucPoGuOkg==</latexit>⌫A

<latexit sha1_base64="J0oBuWi/gY2WjJp3O9IAM1dI5XE=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZIY2roQim5cVrAPaEKYTKft0MkkzEyEGvolblwo4tZPceffOGkrqOiBC4dz7uXee6KUUals+8NYWV1b39gsbZW3d3b3Kub+QUcmmcCkjROWiF6EJGGUk7aiipFeKgiKI0a60eSq8Lt3REia8Fs1TUkQoxGnQ4qR0lJoVvyIKBTmPs9m8AI6oVm1rfNGzfVq0LZsu+64TkHcunfmQUcrBapgiVZovvuDBGcx4QozJGXfsVMV5EgoihmZlf1MkhThCRqRvqYcxUQG+fzwGTzRygAOE6GLKzhXv0/kKJZyGke6M0ZqLH97hfiX18/UsBHklKeZIhwvFg0zBlUCixTggAqCFZtqgrCg+laIx0ggrHRWZR3C16fwf9JxLadmuTdetXm5jKMEjsAxOAUOqIMmuAYt0AYYZOABPIFn4954NF6M10XrirGcOQQ/YLx9AigsksY=</latexit>

�⌫ = 1

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

<latexit sha1_base64="N7Y8iiDgJG667D2Jb6xpE3tT4r0="></latexit>

MPV & 4.1⇥ 10�22 GeV



Phase corrections due to velocity birefringence

<latexit sha1_base64="wBzHIcFcLT66gr/Hbe7mtUwIC3g="></latexit>

h+ = hGR
+ � hGR

⇥ � 1

h⇥ = hGR
⇥ + hGR

+ � 1
<latexit sha1_base64="BeIujs8zopiQXVNKTBvTZE1jBas="></latexit>

� 1 =

(
(2/MPV)�µ

�µ+1
u�µ+1

M�µ+1

R t0
te

↵µ

a�µ+1 , �µ 6= �1,
MPV
2 lnu

R t0
te

↵µdt, �µ = �1.

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

Ghost-free PV gravities, 
Chrial scalar-tensor gravity
Horava-Lifshitz gravity + parity violation term; 
Symmetric teleparallel equivalence of GR theory;
Spatial covariant gravities; ….

Horava-Lifshitz gravity + parity violation term; 
Spatial covariant gravities; ….

<latexit sha1_base64="0dL46sr/uG+KiW3hl9UKubEudhQ=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJanSx0IounFZwT6gM5RMmmlDM5kxyRTK0O9w40IRt36MO//GTFtBRQ9cOJxzL/fe48eCa4PQh7Oyura+sZnbym/v7O7tFw4O2zpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxx9eZ35kwpXkk78w0Zl5IhpIHnBJjJc/1mSF9N0zgJTzvF4qohBDCGMOM4GoFWVKv18q4BnFmWRTBEs1+4d0dRDQJmTRUEK17GMXGS4kynAo2y7uJZjGhYzJkPUslCZn20vnRM3hqlQEMImVLGjhXv0+kJNR6Gvq2MyRmpH97mfiX10tMUPNSLuPEMEkXi4JEQBPBLAE44IpRI6aWEKq4vRXSEVGEGptT3obw9Sn8n7TLJVwplW8vio2rZRw5cAxOwBnAoAoa4AY0QQtQcA8ewBN4dibOo/PivC5aV5zlzBH4AeftE9EdkX4=</latexit>

�µ = 3

<latexit sha1_base64="uRSvI79HzoR5eAFs5e9+0bB61yk=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBTSiT6bQdOjOJM5NCCf0ONy4UcevHuPNvnLQVVPTAhcM593LvPVHCqNKO82GtrK6tb2wWtorbO7t7+6WDw5aKU4lJE8cslp0IKcKoIE1NNSOdRBLEI0ba0fg699sTIhWNxZ2eJiTkaCjogGKkjRQGEdGoF/AUXkK3Vyo79kWt4vkV6NiOU3U9Nyde1T/3oWuUHGWwRKNXeg/6MU45ERozpFTXdRIdZkhqihmZFYNUkQThMRqSrqECcaLCbH70DJ4apQ8HsTQlNJyr3ycyxJWa8sh0cqRH6reXi3953VQPamFGRZJqIvBi0SBlUMcwTwD2qSRYs6khCEtqboV4hCTC2uRUNCF8fQr/Jy3Pdiu2d+uX61fLOArgGJyAM+CCKqiDG9AATYDBPXgAT+DZmliP1ov1umhdsZYzR+AHrLdP4S6RiA==</latexit>

�µ = 1

<latexit sha1_base64="Y8W/DdVa7gNjaea0uMlAzEYpoEw=">AAAB9XicbVBNSwMxEM36WetX1aOXYBG8WHaLqBeh6MVjBfsB3bVk09k2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZFyacaeO6387S8srq2npho7i5tb2zW9rbb+o4VRQaNOaxaodEA2cSGoYZDu1EAREhh1Y4vJn4rUdQmsXy3owSCATpSxYxSoyVHvwQDOn6IsVX+NTrlspuxZ0CLxIvJ2WUo94tffm9mKYCpKGcaN3x3MQEGVGGUQ7jop9qSAgdkj50LJVEgA6y6dVjfGyVHo5iZUsaPFV/T2REaD0Soe0UxAz0vDcR//M6qYkug4zJJDUg6WxRlHJsYjyJAPeYAmr4yBJCFbO3YjogilBjgyraELz5lxdJs1rxzivVu7Ny7TqPo4AO0RE6QR66QDV0i+qogShS6Bm9ojfnyXlx3p2PWeuSk88coD9wPn8A7o6RfQ==</latexit>

�µ = �1



Tests of velocity birefringence: 

8()*9:;<

Q. Wu, T. Zhu, R. Niu, W. Zhao and A. Wang, PRD105, 024035 (2022)
T. Zhu, W. Zhao, A. Wang, et. al., in preparation (2023)

<latexit sha1_base64="g8tLx7CmsEDjd2mFoWM/2vJojn0=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwY0hiaOtCKLpxWcE+oIllMp20Q2eSMDNRSuh/uHGhiFv/xZ1/46StoKIHLhzOuZd77wkSRqWyrA+jsLS8srpWXC9tbG5t75R399oyTgUmLRyzWHQDJAmjEWkpqhjpJoIgHjDSCcaXud+5I0LSOLpRk4T4HA0jGlKMlJZuvYAo1Pd4Cs/hid0vVyzzrF513Cq0TMuq2Y6dE6fmnrrQ1kqOClig2S+/e4MYp5xECjMkZc+2EuVnSCiKGZmWvFSSBOExGpKephHiRPrZ7OopPNLKAIax0BUpOFO/T2SISznhge7kSI3kby8X//J6qQrrfkajJFUkwvNFYcqgimEeARxQQbBiE00QFlTfCvEICYSVDqqkQ/j6FP5P2o5pV03n2q00LhZxFMEBOATHwAY10ABXoAlaAAMBHsATeDbujUfjxXidtxaMxcw++AHj7RNOrJG/</latexit>

�µ = �1

<latexit sha1_base64="g8tLx7CmsEDjd2mFoWM/2vJojn0=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwY0hiaOtCKLpxWcE+oIllMp20Q2eSMDNRSuh/uHGhiFv/xZ1/46StoKIHLhzOuZd77wkSRqWyrA+jsLS8srpWXC9tbG5t75R399oyTgUmLRyzWHQDJAmjEWkpqhjpJoIgHjDSCcaXud+5I0LSOLpRk4T4HA0jGlKMlJZuvYAo1Pd4Cs/hid0vVyzzrF513Cq0TMuq2Y6dE6fmnrrQ1kqOClig2S+/e4MYp5xECjMkZc+2EuVnSCiKGZmWvFSSBOExGpKephHiRPrZ7OopPNLKAIax0BUpOFO/T2SISznhge7kSI3kby8X//J6qQrrfkajJFUkwvNFYcqgimEeARxQQbBiE00QFlTfCvEICYSVDqqkQ/j6FP5P2o5pV03n2q00LhZxFMEBOATHwAY10ABXoAlaAAMBHsATeDbujUfjxXidtxaMxcw++AHj7RNOrJG/</latexit>

�µ = �1

<latexit sha1_base64="g8tLx7CmsEDjd2mFoWM/2vJojn0=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwY0hiaOtCKLpxWcE+oIllMp20Q2eSMDNRSuh/uHGhiFv/xZ1/46StoKIHLhzOuZd77wkSRqWyrA+jsLS8srpWXC9tbG5t75R399oyTgUmLRyzWHQDJAmjEWkpqhjpJoIgHjDSCcaXud+5I0LSOLpRk4T4HA0jGlKMlJZuvYAo1Pd4Cs/hid0vVyzzrF513Cq0TMuq2Y6dE6fmnrrQ1kqOClig2S+/e4MYp5xECjMkZc+2EuVnSCiKGZmWvFSSBOExGpKephHiRPrZ7OopPNLKAIax0BUpOFO/T2SISznhge7kSI3kby8X//J6qQrrfkajJFUkwvNFYcqgimEeARxQQbBiE00QFlTfCvEICYSVDqqkQ/j6FP5P2o5pV03n2q00LhZxFMEBOATHwAY10ABXoAlaAAMBHsATeDbujUfjxXidtxaMxcw++AHj7RNOrJG/</latexit>

�µ = �1

<latexit sha1_base64="RRZMf8Cpo0CcBiONQUVcmg8sNbU="></latexit>

MPV . 6.9⇥ 10�42 GeV



Tests of velocity birefringence: 

8()*9:;<

<latexit sha1_base64="uRSvI79HzoR5eAFs5e9+0bB61yk=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBTSiT6bQdOjOJM5NCCf0ONy4UcevHuPNvnLQVVPTAhcM593LvPVHCqNKO82GtrK6tb2wWtorbO7t7+6WDw5aKU4lJE8cslp0IKcKoIE1NNSOdRBLEI0ba0fg699sTIhWNxZ2eJiTkaCjogGKkjRQGEdGoF/AUXkK3Vyo79kWt4vkV6NiOU3U9Nyde1T/3oWuUHGWwRKNXeg/6MU45ERozpFTXdRIdZkhqihmZFYNUkQThMRqSrqECcaLCbH70DJ4apQ8HsTQlNJyr3ycyxJWa8sh0cqRH6reXi3953VQPamFGRZJqIvBi0SBlUMcwTwD2qSRYs6khCEtqboV4hCTC2uRUNCF8fQr/Jy3Pdiu2d+uX61fLOArgGJyAM+CCKqiDG9AATYDBPXgAT+DZmliP1ov1umhdsZYzR+AHrLdP4S6RiA==</latexit>

�µ = 1

<latexit sha1_base64="uRSvI79HzoR5eAFs5e9+0bB61yk=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQhJDWxdC0Y3LCvYBTSiT6bQdOjOJM5NCCf0ONy4UcevHuPNvnLQVVPTAhcM593LvPVHCqNKO82GtrK6tb2wWtorbO7t7+6WDw5aKU4lJE8cslp0IKcKoIE1NNSOdRBLEI0ba0fg699sTIhWNxZ2eJiTkaCjogGKkjRQGEdGoF/AUXkK3Vyo79kWt4vkV6NiOU3U9Nyde1T/3oWuUHGWwRKNXeg/6MU45ERozpFTXdRIdZkhqihmZFYNUkQThMRqSrqECcaLCbH70DJ4apQ8HsTQlNJyr3ycyxJWa8sh0cqRH6reXi3953VQPamFGRZJqIvBi0SBlUMcwTwD2qSRYs6khCEtqboV4hCTC2uRUNCF8fQr/Jy3Pdiu2d+uX61fLOArgGJyAM+CCKqiDG9AATYDBPXgAT+DZmliP1ov1umhdsZYzR+AHrLdP4S6RiA==</latexit>

�µ = 1

q S. Wang, EPJC80, 342 (2020) ; 

q S. Wang and Z.C.Zhao, EPJC80,1032 (2020); 

q Y.F.Wang, R.Niu, T.Zhu and W.Zhao, APJ908, 58 (2021) ; 

q Y.F.Wang, S.M.Brown, L.Shao and W.Zhao, PRD106, 084005 (2022) ;

q Z.C.Zhao, Z.Cao and S.Wang, APJ 930, 139 (2022).

<latexit sha1_base64="ne6LIYLd6YGalfOGqo+BE7abf88="></latexit>

MPV & 10 GeV



Tests of velocity birefringence: 

8()*9:;<

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

<latexit sha1_base64="N39pJrwXErU5LzCW8D4P3TXUcrQ=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHUhFN24rGAf0IQymU7aoTNJnJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77wkSRqWyrA+jsLa+sblV3C7t7O7tH5QPjzoyTgUmbRyzWPQCJAmjEWkrqhjpJYIgHjDSDSbXud+dEiFpHN2pWUJ8jkYRDSlGSku+FxCFBh5P4SWsDsoVy7xo1By3Bi3Tsuq2Y+fEqbtVF9payVEBK7QG5XdvGOOUk0hhhqTs21ai/AwJRTEj85KXSpIgPEEj0tc0QpxIP1scPYdnWhnCMBa6IgUX6veJDHEpZzzQnRypsfzt5eJfXj9VYcPPaJSkikR4uShMGVQxzBOAQyoIVmymCcKC6lshHiOBsNI5lXQIX5/C/0nHMe2a6dy6lebVKo4iOAGn4BzYoA6a4Aa0QBtgcA8ewBN4NqbGo/FivC5bC8Zq5hj8gPH2CeQ2kYo=</latexit>

�µ = 3

<latexit sha1_base64="N39pJrwXErU5LzCW8D4P3TXUcrQ=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHUhFN24rGAf0IQymU7aoTNJnJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77wkSRqWyrA+jsLa+sblV3C7t7O7tH5QPjzoyTgUmbRyzWPQCJAmjEWkrqhjpJYIgHjDSDSbXud+dEiFpHN2pWUJ8jkYRDSlGSku+FxCFBh5P4SWsDsoVy7xo1By3Bi3Tsuq2Y+fEqbtVF9payVEBK7QG5XdvGOOUk0hhhqTs21ai/AwJRTEj85KXSpIgPEEj0tc0QpxIP1scPYdnWhnCMBa6IgUX6veJDHEpZzzQnRypsfzt5eJfXj9VYcPPaJSkikR4uShMGVQxzBOAQyoIVmymCcKC6lshHiOBsNI5lXQIX5/C/0nHMe2a6dy6lebVKo4iOAGn4BzYoA6a4Aa0QBtgcA8ewBN4NqbGo/FivC5bC8Zq5hj8gPH2CeQ2kYo=</latexit>

�µ = 3

<latexit sha1_base64="N39pJrwXErU5LzCW8D4P3TXUcrQ=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHUhFN24rGAf0IQymU7aoTNJnJkUSuh3uHGhiFs/xp1/46StoKIHLhzOuZd77wkSRqWyrA+jsLa+sblV3C7t7O7tH5QPjzoyTgUmbRyzWPQCJAmjEWkrqhjpJYIgHjDSDSbXud+dEiFpHN2pWUJ8jkYRDSlGSku+FxCFBh5P4SWsDsoVy7xo1By3Bi3Tsuq2Y+fEqbtVF9payVEBK7QG5XdvGOOUk0hhhqTs21ai/AwJRTEj85KXSpIgPEEj0tc0QpxIP1scPYdnWhnCMBa6IgUX6veJDHEpZzzQnRypsfzt5eJfXj9VYcPPaJSkikR4uShMGVQxzBOAQyoIVmymCcKC6lshHiOBsNI5lXQIX5/C/0nHMe2a6dy6lebVKo4iOAGn4BzYoA6a4Aa0QBtgcA8ewBN4NqbGo/FivC5bC8Zq5hj8gPH2CeQ2kYo=</latexit>

�µ = 3

C.Gong, T.Zhu, R.Niu, Q.Wu, J.L.Cui, X.Zhang, W. Zhao, A. Wang, PRD105, 044034 (2022)

<latexit sha1_base64="3YGaxJNOZmFEN9xVlc9pJCVGo7I="></latexit>

MPV & 1.2⇥ 10�14 GeV



Summary

42

Ø A parametrized GW propagations

Ø GW waveform with Lorentz/parity violation

Ø GW constraints on M_LV and M_PV 



Summary

= 8()*9:;<
<latexit sha1_base64="qkANQIhNLslLjLJOeWvxzr+zSB0=">AAAB9XicbZDLSgMxFIbP1Futt6pLN8EiuJAyU0QFN1U3LivYC3TGkknTNjTJDElGKUPfw40LRdz6Lu58G9N2Ftr6Q+DjP+dwTv4w5kwb1/12ckvLK6tr+fXCxubW9k5xd6+ho0QRWicRj1QrxJpyJmndMMNpK1YUi5DTZji8mdSbj1RpFsl7M4ppIHBfsh4j2FjrwZdJ5+rEv0S+sNApltyyOxVaBC+DEmSqdYpffjciiaDSEI61bntubIIUK8MIp+OCn2gaYzLEfdq2KLGgOkinV4/RkXW6qBcp+6RBU/f3RIqF1iMR2k6BzUDP1ybmf7V2YnoXQcpknBgqyWxRL+HIRGgSAeoyRYnhIwuYKGZvRWSAFSbGBlWwIXjzX16ERqXsnZUrd6el6nUWRx4O4BCOwYNzqMIt1KAOBBQ8wyu8OU/Oi/PufMxac042sw9/5Hz+ADSaka0=</latexit>⌫A, µA

<latexit sha1_base64="bziaQVMR7mfjFk1eLBKs4xly3kg=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCCykzRVRwU3TjsoJ9QGcomTTThiaZIckIZSj4K25cKOLW73Dn35g+Ftp64MLJOfeSe0+UcqaN5307S8srq2vrhY3i5tb2zq67t9/QSaYIrZOEJ6oVYU05k7RumOG0lSqKRcRpMxrcjv3mI1WaJfLBDFMaCtyTLGYEGyt13MMgwgoFIjtDwTWaPmTWcUte2ZsALRJ/RkowQ63jfgXdhGSCSkM41rrte6kJc6wMI5yOikGmaYrJAPdo21KJBdVhPll/hE6s0kVxomxJgybq74kcC62HIrKdApu+nvfG4n9eOzPxVZgzmWaGSjL9KM44MgkaZ4G6TFFi+NASTBSzuyLSxwoTYxMr2hD8+ZMXSaNS9i/KlfvzUvVmFkcBjuAYTsGHS6jCHdSgDgRyeIZXeHOenBfn3fmYti45s5kD+APn8wdB+5Rm</latexit>

µ̄, ⌫̄



44



Spatial covariant gravities

v Time diffeomorphism violation but keep spatial covariance  

v A lot of modified gravities can map to spatial covariant gravities

v A general framework for exploring different modified gravities



Tests of spatial covariant gravities

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


