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GW170817 
! 100 s (calculated starting from 24 Hz) in the detectorsÕ
sensitive band, the inspiral signal ended at 12!41:04.4 UTC.
In addition, a ! -ray burst was observed 1.7 s after the
coalescence time [39Ð45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46Ð50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

" 0.002M" . From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M" . The individual masses are in the broad
range of 0.86 to 2.26 M" , due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M" with compo-
nents between 1.17 and ! 1.6 M" [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M" [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54Ð56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57Ð61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron starÐblack hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detectorÕs antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67Ð70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150Ð800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12!41:04
UTC. The amplitude scale in each detector is normalized to that
detectorÕs noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Component masses: 1.17 Ð 1.60 M!   

Total mass of the system: 																						M! 	2.74+0 .04
! 0.01
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Luminosity distance:    Mpc  40+8
! 14
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Near co-incident detection of gamma-ray 
burst    

Radiated energy: > 0.025 M !   

Chirp mass:   M c ! µ3/5(M 1 + M 2)2/5
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= 1 .188+0 .004
! 0.002
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M!  	reduced mass 

LIGO-Scientific and Virgo ÒGW170817: observation of gravitational waves from a binary neutron star inspiral Ó 
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! 100 s (calculated starting from 24 Hz) in the detectorsÕ
sensitive band, the inspiral signal ended at 12!41:04.4 UTC.
In addition, a ! -ray burst was observed 1.7 s after the
coalescence time [39Ð45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46Ð50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

" 0.002M" . From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M" . The individual masses are in the broad
range of 0.86 to 2.26 M" , due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M" with compo-
nents between 1.17 and ! 1.6 M" [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M" [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54Ð56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57Ð61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron starÐblack hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detectorÕs antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67Ð70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150Ð800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12!41:04
UTC. The amplitude scale in each detector is normalized to that
detectorÕs noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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<latexit sha1_base64="VrTfsjcIcC3U5+dJ05KXKJCziQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7qv183654tbcOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzyMy6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtes1za97dRaVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9BQI0b</latexit><latexit sha1_base64="VrTfsjcIcC3U5+dJ05KXKJCziQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7qv183654tbcOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzyMy6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtes1za97dRaVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9BQI0b</latexit><latexit sha1_base64="VrTfsjcIcC3U5+dJ05KXKJCziQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7qv183654tbcOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzyMy6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtes1za97dRaVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9BQI0b</latexit><latexit sha1_base64="VrTfsjcIcC3U5+dJ05KXKJCziQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvXisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7qv183654tbcOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzyMy6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtes1za97dRaVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9BQI0b</latexit>

GW 
emission 

(3)
<latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcA wnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcA wnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcA wnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcA wnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit>

(4)
<latexit sha1_base64="RTi/Cf9v36rHp0N2g4dUk3Y/18g=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XaRb9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdK6rHpu1buvles3eRwFOIUzqIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AFESo0d</latexit><latexit sha1_base64="RTi/Cf9v36rHp0N2g4dUk3Y/18g=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XaRb9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdK6rHpu1buvles3eRwFOIUzqIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AFESo0d</latexit><latexit sha1_base64="RTi/Cf9v36rHp0N2g4dUk3Y/18g=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XaRb9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdK6rHpu1buvles3eRwFOIUzqIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AFESo0d</latexit><latexit sha1_base64="RTi/Cf9v36rHp0N2g4dUk3Y/18g=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XaRb9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdK6rHpu1buvles3eRwFOIUzqIAHV1CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AFESo0d</latexit>

Total energy of the system 

Power radiated via 
gravitational waves 

  : Energy conservation 

Cartoon of neutron  
star inspiral  

GN M 1M 2

! 2
<latexit sha1_base64="XiqijUm8RlBFL4Tv0hCvZR3LQUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRF0GVRQTdKBfuAJobJZNIOnUzCzEQoISs3/oobF4q49Rvc+TdO2yy09cCFwzn3cu89fsKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3nSAUCGeX3g289mxd9TxzLghT6L6ee2bVqlkTwHliF6QKCjQ988sJYpxGhCvMkJQ920qUmyGhKGYkrzipJAnCQ9QnPU05ioh0s8kbOTzUSgDDWOjiCk7U3xMZiqQcRb7ujJAayFlvLP7n9VIVnroZ5UmqCMfTRWHKoIrhOBMYUEGwYiNNEBZU3wrxAOlYlE6uokOwZ1+eJ+16zbZq9u1xtXFWxFEGe+AAHAEbnIAGuAJN0AIYPIJn8ArejCfjxXg3PqatJaOY2QV/YHz+AIUBl94=</latexit><latexit sha1_base64="XiqijUm8RlBFL4Tv0hCvZR3LQUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRF0GVRQTdKBfuAJobJZNIOnUzCzEQoISs3/oobF4q49Rvc+TdO2yy09cCFwzn3cu89fsKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3nSAUCGeX3g289mxd9TxzLghT6L6ee2bVqlkTwHliF6QKCjQ988sJYpxGhCvMkJQ920qUmyGhKGYkrzipJAnCQ9QnPU05ioh0s8kbOTzUSgDDWOjiCk7U3xMZiqQcRb7ujJAayFlvLP7n9VIVnroZ5UmqCMfTRWHKoIrhOBMYUEGwYiNNEBZU3wrxAOlYlE6uokOwZ1+eJ+16zbZq9u1xtXFWxFEGe+AAHAEbnIAGuAJN0AIYPIJn8ArejCfjxXg3PqatJaOY2QV/YHz+AIUBl94=</latexit><latexit sha1_base64="XiqijUm8RlBFL4Tv0hCvZR3LQUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRF0GVRQTdKBfuAJobJZNIOnUzCzEQoISs3/oobF4q49Rvc+TdO2yy09cCFwzn3cu89fsKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3nSAUCGeX3g289mxd9TxzLghT6L6ee2bVqlkTwHliF6QKCjQ988sJYpxGhCvMkJQ920qUmyGhKGYkrzipJAnCQ9QnPU05ioh0s8kbOTzUSgDDWOjiCk7U3xMZiqQcRb7ujJAayFlvLP7n9VIVnroZ5UmqCMfTRWHKoIrhOBMYUEGwYiNNEBZU3wrxAOlYlE6uokOwZ1+eJ+16zbZq9u1xtXFWxFEGe+AAHAEbnIAGuAJN0AIYPIJn8ArejCfjxXg3PqatJaOY2QV/YHz+AIUBl94=</latexit><latexit sha1_base64="XiqijUm8RlBFL4Tv0hCvZR3LQUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRF0GVRQTdKBfuAJobJZNIOnUzCzEQoISs3/oobF4q49Rvc+TdO2yy09cCFwzn3cu89fsKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3nSAUCGeX3g289mxd9TxzLghT6L6ee2bVqlkTwHliF6QKCjQ988sJYpxGhCvMkJQ920qUmyGhKGYkrzipJAnCQ9QnPU05ioh0s8kbOTzUSgDDWOjiCk7U3xMZiqQcRb7ujJAayFlvLP7n9VIVnroZ5UmqCMfTRWHKoIrhOBMYUEGwYiNNEBZU3wrxAOlYlE6uokOwZ1+eJ+16zbZq9u1xtXFWxFEGe+AAHAEbnIAGuAJN0AIYPIJn8ArejCfjxXg3PqatJaOY2QV/YHz+AIUBl94=</latexit>

Kopp, Laha, Opferkuch , and 
Shepherd 1807.02527 

M 1,2
<latexit sha1_base64="Unt+wZaXh4M9z8bLV/OU20YjZGU=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkRdBj0YsXoYL9gDaUzXbSLt1s4u5GKKF/wosHRbz6d7z5b9y2OWjrCwsP78ywM2+QCK6N6347K6tr6xubha3i9s7u3n7p4LCp41QxbLBYxKodUI2CS2wYbgS2E4U0CgS2gtHNtN56QqV5LB/MOEE/ogPJQ86osVb7rpd556Q66ZXKbsWdiSyDl0MZctV7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdixKGqH2s9m+E3JqnT4JY2WfNGTm/p7IaKT1OApsZ0TNUC/WpuZ/tU5qwis/4zJJDUo2/yhMBTExmR5P+lwhM2JsgTLF7a6EDamizNiIijYEb/HkZWhWK57l+4ty7TqPowDHcAJn4MEl1OAW6tAABgKe4RXenEfnxXl3PuatK04+cwR/5Hz+AME/jx0=</latexit><latexit sha1_base64="Unt+wZaXh4M9z8bLV/OU20YjZGU=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkRdBj0YsXoYL9gDaUzXbSLt1s4u5GKKF/wosHRbz6d7z5b9y2OWjrCwsP78ywM2+QCK6N6347K6tr6xubha3i9s7u3n7p4LCp41QxbLBYxKodUI2CS2wYbgS2E4U0CgS2gtHNtN56QqV5LB/MOEE/ogPJQ86osVb7rpd556Q66ZXKbsWdiSyDl0MZctV7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdixKGqH2s9m+E3JqnT4JY2WfNGTm/p7IaKT1OApsZ0TNUC/WpuZ/tU5qwis/4zJJDUo2/yhMBTExmR5P+lwhM2JsgTLF7a6EDamizNiIijYEb/HkZWhWK57l+4ty7TqPowDHcAJn4MEl1OAW6tAABgKe4RXenEfnxXl3PuatK04+cwR/5Hz+AME/jx0=</latexit><latexit sha1_base64="Unt+wZaXh4M9z8bLV/OU20YjZGU=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkRdBj0YsXoYL9gDaUzXbSLt1s4u5GKKF/wosHRbz6d7z5b9y2OWjrCwsP78ywM2+QCK6N6347K6tr6xubha3i9s7u3n7p4LCp41QxbLBYxKodUI2CS2wYbgS2E4U0CgS2gtHNtN56QqV5LB/MOEE/ogPJQ86osVb7rpd556Q66ZXKbsWdiSyDl0MZctV7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdixKGqH2s9m+E3JqnT4JY2WfNGTm/p7IaKT1OApsZ0TNUC/WpuZ/tU5qwis/4zJJDUo2/yhMBTExmR5P+lwhM2JsgTLF7a6EDamizNiIijYEb/HkZWhWK57l+4ty7TqPowDHcAJn4MEl1OAW6tAABgKe4RXenEfnxXl3PuatK04+cwR/5Hz+AME/jx0=</latexit><latexit sha1_base64="Unt+wZaXh4M9z8bLV/OU20YjZGU=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkRdBj0YsXoYL9gDaUzXbSLt1s4u5GKKF/wosHRbz6d7z5b9y2OWjrCwsP78ywM2+QCK6N6347K6tr6xubha3i9s7u3n7p4LCp41QxbLBYxKodUI2CS2wYbgS2E4U0CgS2gtHNtN56QqV5LB/MOEE/ogPJQ86osVb7rpd556Q66ZXKbsWdiSyDl0MZctV7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdixKGqH2s9m+E3JqnT4JY2WfNGTm/p7IaKT1OApsZ0TNUC/WpuZ/tU5qwis/4zJJDUo2/yhMBTExmR5P+lwhM2JsgTLF7a6EDamizNiIijYEb/HkZWhWK57l+4ty7TqPowDHcAJn4MEl1OAW6tAABgKe4RXenEfnxXl3PuatK04+cwR/5Hz+AME/jx0=</latexit>

= neutron star 

!
<latexit sha1_base64="OkUVFM4iogoZhQm+LgOSnlhuHZg=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHos6sFjBfsB7VKyabaNzSZLMiuU0v/gxYMiXv0/3vw3pu0etPWFwMM7M2TmjVIpLPr+t7eyura+sVnYKm7v7O7tlw4OG1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJnWm0/cWKHVA45SHia0r0QsGEVnNTq3XCLtlsp+xZ+JLEOQQxly1bqlr05PsyzhCpmk1rYDP8VwTA0KJvmk2MksTykb0j5vO1Q04TYcz7adkFPn9EisjXsKycz9PTGmibWjJHKdCcWBXaxNzf9q7Qzjq3AsVJohV2z+UZxJgppMTyc9YThDOXJAmRFuV8IG1FCGLqCiCyFYPHkZGueVwPH9Rbl6ncdRgGM4gTMI4BKqcAc1qAODR3iGV3jztPfivXsf89YVL585gj/yPn8AYI6O/A==</latexit><latexit sha1_base64="OkUVFM4iogoZhQm+LgOSnlhuHZg=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHos6sFjBfsB7VKyabaNzSZLMiuU0v/gxYMiXv0/3vw3pu0etPWFwMM7M2TmjVIpLPr+t7eyura+sVnYKm7v7O7tlw4OG1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJnWm0/cWKHVA45SHia0r0QsGEVnNTq3XCLtlsp+xZ+JLEOQQxly1bqlr05PsyzhCpmk1rYDP8VwTA0KJvmk2MksTykb0j5vO1Q04TYcz7adkFPn9EisjXsKycz9PTGmibWjJHKdCcWBXaxNzf9q7Qzjq3AsVJohV2z+UZxJgppMTyc9YThDOXJAmRFuV8IG1FCGLqCiCyFYPHkZGueVwPH9Rbl6ncdRgGM4gTMI4BKqcAc1qAODR3iGV3jztPfivXsf89YVL585gj/yPn8AYI6O/A==</latexit><latexit sha1_base64="OkUVFM4iogoZhQm+LgOSnlhuHZg=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHos6sFjBfsB7VKyabaNzSZLMiuU0v/gxYMiXv0/3vw3pu0etPWFwMM7M2TmjVIpLPr+t7eyura+sVnYKm7v7O7tlw4OG1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJnWm0/cWKHVA45SHia0r0QsGEVnNTq3XCLtlsp+xZ+JLEOQQxly1bqlr05PsyzhCpmk1rYDP8VwTA 0KJvmk2MksTykb0j5vO1Q04TYcz7adkFPn9EisjXsKycz9PTGmibWjJHKdCcWBXaxNzf9q7Qzjq3AsVJohV2z+UZxJgppMTyc9YThDOXJAmRFuV8IG1FCGLqCiCyFYPHkZGueVwPH9Rbl6ncdRgGM4gTMI4BKqcAc1qAODR3iGV3jztPfivXsf89YVL585gj/yPn8AYI6O/A==</latexit><latexit sha1_base64="OkUVFM4iogoZhQm+LgOSnlhuHZg=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHos6sFjBfsB7VKyabaNzSZLMiuU0v/gxYMiXv0/3vw3pu0etPWFwMM7M2TmjVIpLPr+t7eyura+sVnYKm7v7O7tlw4OG1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJnWm0/cWKHVA45SHia0r0QsGEVnNTq3XCLtlsp+xZ+JLEOQQxly1bqlr05PsyzhCpmk1rYDP8VwTA0KJvmk2MksTykb0j5vO1Q04TYcz7adkFPn9EisjXsKycz9PTGmibWjJHKdCcWBXaxNzf9q7Qzjq3AsVJohV2z+UZxJgppMTyc9YThDOXJAmRFuV8IG1FCGLqCiCyFYPHkZGueVwPH9Rbl6ncdRgGM4gTMI4BKqcAc1qAODR3iGV3jztPfivXsf89YVL585gj/yPn8AYI6O/A==</latexit>

= distance between two neutron stars 

GW frequency 

Orbital frequency 
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~ 2300+ citations since Oct. 2017  

Source: ADS 



Tremendous impact across 
various sub-fields in physics 

Ranjan Laha 

Astrophysics : Site of r-process nucleosynthesis , progenitor of short 
gamma-ray bursts, rate of binnary  neutron star mergers (1710.05463 , 1710.05834, 
1710.05832, and many others) 

Cosmology: Determination of the Hubble constant 

Nuclear Physics : Constraints on neutron star eqn. of state, tidal 
deformability parameters (1710.05835, 1908.06060, 1710.05832, 1805.11581, 1807.06437, 1902.05078, 
1904.04233, 1902.04557, 1805.11963, 1802.04813 and many others ) 

70.0+12 .0
! 8.0 km s! 1 Mpc! 1
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(1710.05835, 1908.06060, 1710.05832 , and many others ) 



Constraints on various modified 
gravity scenarios 

Ranjan Laha 

Constraints on various dark energy models (Ezquiaga and Zumalacarregui  1710.05901, Baker etal . 
1710.06394, Sakstein  and Jain 1710.05893, Cremenelli and Vernizzi  1710.05877) 

 
 
 
 
 
 
 
 
 

 
Constraints on violation of weak equivalence principle  (Boran etal . 1710.06168) 
 

Falsifies dark matter emulators  (Boran etal . 1710.06168) 
 

Tests of general relativity  (LIGO-Virgo 1811.00364)  
 

Constraints on          gravity  (Sagunski etal . 1709.06634) 
 

and many others  
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cg = c cg != c

General Relativity quartic/quintic Galileons [13, 14]

quintessence/k-essence [46] Fab Four [15]

Brans-Dicke/ f (R) [47, 48] de Sitter Horndeski [49]

Kinetic Gravity Braiding [50] Gµ ! ! µ ! ! [51], f (! )áGauss-Bonnet [52]

Derivative Conformal (19) [17] quartic/quintic GLPV [18]

Disformal Tuning (21) quadratic DHOST [20] with A1 != 0

quadratic DHOST with A1 = 0 cubic DHOST [23]

H
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d
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Viable after GW170817 Non-viable after GW170817

FIG. 2: Summary of the viable (left) and non-viable (right) scalar-tensor theories after GW170817. Only simple Horndeski
theories, G4,X " 0 and G5 " constant, and speciÞc beyond Horndeski models, conformally related to cg = 1 Horndeski or
disformally tuned, remain viable.

classes include some interesting models, such as acceler-
ating solutions due to the weakening of the gravitational
force [53] and self-tuning theories that attempt to solve
the cosmological constant problem, and which rely on
non-minimal derivative couplings to curvature [15].

Despite the strong constraints, theories remain that
avoid this constraint and thus can still be used to ex-
plain DE (see Fig. 2). Within HorndeskiÕs theory these
include only the simplest modiÞcations of gravity. Be-
yond Horndeski theory, viable gravities can be obtained
in two ways. One can apply a derivative-dependent con-
formal transformation to those Horndeski models with
cg = 1, since it does not a! ect their causal structure. Al-
ternatively, one can implement a disformal transforma-
tion, which does alter the GW-cone, designed to precisely
compensate the original anomalous speed of the theory.

The constraints of GW 170817 extends further into
the landscape of gravity theories. In the case of vector-
tensor and scalar-vector-tensor theories, there are several
couplings to the curvature that now will be extremely
constrained because they modify the speed of GWs, e.g.
Rµ! vµ v! in vector DE [54]. In particular, this test has an
impact on Einstein-Aether theories [25], including some
sectors of Hoÿrava gravity [55], and more general frame-
works such as Generarlized Proca theories [56]. TeVeS
[27] and MOND-like theories [57, 58] are as well critically
a! ected by this bound. Massive gravity [24], bigravity
[59] and multi-gravity [60] remain viable as long as the
graviton mass is small and matter couples minimally to
one of the metrics.

In summary, multi-messenger GW astronomy has
proven to be a powerful tool in the quest of the origin
of cosmic acceleration and GW170817 sets a landmark
in dark energy research. New DE models and theories of
gravity will have to satisfy this strong constraint on the
GWs speed. Future GW-EM detections will be as well
determinant for the search of dynamical DE by better

constraining the presence of additional polarizations.
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Tidal deformability 

Ranjan Laha 

Due to the external gravitational field, the neutron stars induce a quadrupole 
moment --- depends on the internal structure   

! i
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One can define a dimensionless tidal deformability parameter ,       , for each 
neutron star 
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        depends on the mass, radius, and tidal parameters of the neutron star --- 
dependence on the neutron star equation of state  

Gravitational wave phase evolution depends on       and the masses of the neutron 
stars 

⇤i
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Inspiral: 
Gravitational waves, 

Tidal Effects

Merger: 
Disruption, NS oscillations, ejecta 

and r-process nucleosynthesis

Post Merger: 
GRBs, Afterglows, and 

Kilonova

Neutron Star Mergers 
(General) Relativistic (Very) Heavy-Ion Collisions at ~ 100 MeV/nucleon 

Simulations: Rezzola et al (2013)

Reddy talk & Rezzola etal  2013 
! (1.4M ! ) ! 800
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for low spin prior 

Flanagan and Hinderer 0709.1915, Hinderer 0711.2420, Postnikov 
etal . 1004.2420 



Effects of dark matter on tidal 
deformability parameters 

       

Addition of dark matter changes the equation of state , and thus affects tidal 
deformability parameter  

Nelson, Reddy, 
and Zhou 
1803.03266 

Total mass of dark matter particles 
inside neutron star 

m!
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= Mass of the dark matter particle (boson/ fermion),  !
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LIGO GW170817 
upper limit 
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= Mass of the mediator gauge boson,   !
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= Coupling strength of the gauge boson to the dark charge   

Repulsive self-interactions between the dark 
matter particles --- it forms a stable 
hydrostatic configuration inside the neutron 
star 

Values of     for the neutron star + dark matter 
system depend on the underlying  neutron star 
equation of state 
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In general, accretion of dark matter due to dark matter Ð nucleus interactions can 
accumulate is     10 -15 M!  .
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Various mechanisms have been suggested in the literature so that neutron stars can 
have such large amounts of dark matter (                        ) inside them (Nelson, Reddy, and Zhou 
1803.03266, Rezai 1807.01781, Leung etal . 1111.1787, Zha etal . 1908.05150, Leung etal . 1908.05102, Ellis etal . 1804.01418, 
Fabbrichesi  and Urbano 1902.07914, Kopp, Laha, Opferkuch , and Shepherd 1807.02527)  
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Constraints on particle physics parameters 

Ranjan Laha 

       
Nelson, Reddy, 
and Zhou 
1803.03266 

Nelson, Reddy, 
and Zhou 
1803.03266 

Novel constraints on particle physics scenarios when large amounts of dark matter can 
accumulate inside neutron stars 

SIDM 
favoured  
regions 
(Kaplinghat etal . 
1508.0333 ) 

More detailed studies required regarding various scenarios with large dark matter 
accumulation inside neutron stars 

Similar study also conducted in Ellis etal . 1804.01418, Quddus etal . 1902.00929    



Effect due to exotic light particles  

Ranjan Laha 



Ranjan Laha 

A new Yukawa force (attractive/ repulsive)  

GN M 1M 2

! 2
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±
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NS NS 

DM DM 

Gravitational 
attraction 

New Yukawa force 

GW emission 

Emission of the 
new force carrier 

dEtot

dt
= �

!
dEGW

dt
+

dEdipole

dt

"
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Kopp, Laha, Opferkuch , and 
Shepherd 1807.02527 
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= dark charge in neutron star 

mmed
<latexit sha1_base64="rxXkLtyhUKxSrCy+DRgpcA5xu2Q=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUyOWmHziXMTIQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2ecGev7315lbX1jc6u6XdvZ3ds/qB8edY3KNYUOVVzpXkwMcCahY5nl0Ms0EBFzeIzHt7P64xNow5R8sJMMIkGGkqWMEuusUAyKvhZYQDId1Bt+058Lr0JQQgOVag/qX/1E0VyAtJQTY8LAz2xUEG0Z5TCt9XMDGaFjMoTQoSQCTFTMV57iM+ckOFXaPWnx3P09URBhzETErlMQOzLLtZn5Xy3MbXodFUxmuQVJFx+lOcdW4dn9OGEaqOUTB4Rq5nbFdEQ0odalVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogihZ7RK3rzrPfivXsfi9aKV84coz/yPn8ASKCRPQ==</latexit><latexit sha1_base64="rxXkLtyhUKxSrCy+DRgpcA5xu2Q=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUyOWmHziXMTIQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2ecGev7315lbX1jc6u6XdvZ3ds/qB8edY3KNYUOVVzpXkwMcCahY5nl0Ms0EBFzeIzHt7P64xNow5R8sJMMIkGGkqWMEuusUAyKvhZYQDId1Bt+058Lr0JQQgOVag/qX/1E0VyAtJQTY8LAz2xUEG0Z5TCt9XMDGaFjMoTQoSQCTFTMV57iM+ckOFXaPWnx3P09URBhzETErlMQOzLLtZn5Xy3MbXodFUxmuQVJFx+lOcdW4dn9OGEaqOUTB4Rq5nbFdEQ0odalVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogihZ7RK3rzrPfivXsfi9aKV84coz/yPn8ASKCRPQ==</latexit><latexit sha1_base64="rxXkLtyhUKxSrCy+DRgpcA5xu2Q=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUyOWmHziXMTIQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2ecGev7315lbX1jc6u6XdvZ3ds/qB8edY3KNYUOVVzpXkwMcCahY5nl0Ms0EBFzeIzHt7P64xNow5R8sJMMIkGGkqWMEuusUAyKvhZYQDId1Bt+058Lr0JQQgOVag/qX/1E0VyAtJQTY8LAz2xUEG0Z5TCt9XMDGaFjMoTQoSQCTFTMV57iM+ckOFXaPWnx3P09URBhzETErlMQOzLLtZn5Xy3MbXodFUxmuQVJFx+lOcdW4dn9OGEaqOUTB4Rq5nbFdEQ0odalVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogihZ7RK3rzrPfivXsfi9aKV84coz/yPn8ASKCRPQ==</latexit><latexit sha1_base64="rxXkLtyhUKxSrCy+DRgpcA5xu2Q=">AAAB8nicbZDLSsNAFIYn9VbrrerSzWARXJVEBF0W3bisYGshDWUyOWmHziXMTIQS+hhuXCji1qdx59s4bbPQ1h8GPv5zDnPOH2ecGev7315lbX1jc6u6XdvZ3ds/qB8edY3KNYUOVVzpXkwMcCahY5nl0Ms0EBFzeIzHt7P64xNow5R8sJMMIkGGkqWMEuusUAyKvhZYQDId1Bt+058Lr0JQQgOVag/qX/1E0VyAtJQTY8LAz2xUEG0Z5TCt9XMDGaFjMoTQoSQCTFTMV57iM+ckOFXaPWnx3P09URBhzETErlMQOzLLtZn5Xy3MbXodFUxmuQVJFx+lOcdW4dn9OGEaqOUTB4Rq5nbFdEQ0odalVHMhBMsnr0L3ohk4vr9stG7KOKroBJ2icxSgK9RCd6iNOogihZ7RK3rzrPfivXsfi9aKV84coz/yPn8ASKCRPQ==</latexit>

= mass of the mediator of 
the new Yukawa force 

↵0
<latexit sha1_base64="KwEnz1EEGJV4MK9AbZtjX6mFFHI=">AAAB7nicbZBNSwMxEIZn61etX1WPXoJF9FR2RdBj0YvHCvYD2qXMptk2NJsNSVYopT/CiwdFvPp7vPlvTNs9aOsLgYd3ZsjMGynBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibNNGUNmopUtyM0THDJGpZbwdpKM0wiwVrR6G5Wbz0xbXgqH+1YsTDBgeQxp2id1eqiUEM875UrftWfi6xCkEMFctV75a9uP6VZwqSlAo3pBL6y4QS15VSwaambGaaQjnDAOg4lJsyEk/m6U3LmnD6JU+2etGTu/p6YYGLMOIlcZ4J2aJZrM/O/Wiez8U044VJllkm6+CjOBLEpmd1O+lwzasXYAVLN3a6EDlEjtS6hkgshWD55FZqX1cDxw1WldpvHUYQTOIULCOAaanAPdWgAhRE8wyu8ecp78d69j0VrwctnjuGPvM8f7e+PSQ==</latexit><latexit sha1_base64="KwEnz1EEGJV4MK9AbZtjX6mFFHI=">AAAB7nicbZBNSwMxEIZn61etX1WPXoJF9FR2RdBj0YvHCvYD2qXMptk2NJsNSVYopT/CiwdFvPp7vPlvTNs9aOsLgYd3ZsjMGynBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibNNGUNmopUtyM0THDJGpZbwdpKM0wiwVrR6G5Wbz0xbXgqH+1YsTDBgeQxp2id1eqiUEM875UrftWfi6xCkEMFctV75a9uP6VZwqSlAo3pBL6y4QS15VSwaambGaaQjnDAOg4lJsyEk/m6U3LmnD6JU+2etGTu/p6YYGLMOIlcZ4J2aJZrM/O/Wiez8U044VJllkm6+CjOBLEpmd1O+lwzasXYAVLN3a6EDlEjtS6hkgshWD55FZqX1cDxw1WldpvHUYQTOIULCOAaanAPdWgAhRE8wyu8ecp78d69j0VrwctnjuGPvM8f7e+PSQ==</latexit><latexit sha1_base64="KwEnz1EEGJV4MK9AbZtjX6mFFHI=">AAAB7nicbZBNSwMxEIZn61etX1WPXoJF9FR2RdBj0YvHCvYD2qXMptk2NJsNSVYopT/CiwdFvPp7vPlvTNs9aOsLgYd3ZsjMGynBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibNNGUNmopUtyM0THDJGpZbwdpKM0wiwVrR6G5Wbz0xbXgqH+1YsTDBgeQxp2id1eqiUEM875UrftWfi6xCkEMFctV75a9uP6VZwqSlAo3pBL6y4QS15VSwaambGaaQjnDAOg4lJsyEk/m6U3LmnD6JU+2etGTu/p6YYGLMOIlcZ4J2aJZrM/O/Wiez8U044VJllkm6+CjOBLEpmd1O+lwzasXYAVLN3a6EDlEjtS6hkgshWD55FZqX1cDxw1WldpvHUYQTOIULCOAaanAPdWgAhRE8wyu8ecp78d69j0VrwctnjuGPvM8f7e+PSQ==</latexit><latexit sha1_base64="KwEnz1EEGJV4MK9AbZtjX6mFFHI=">AAAB7nicbZBNSwMxEIZn61etX1WPXoJF9FR2RdBj0YvHCvYD2qXMptk2NJsNSVYopT/CiwdFvPp7vPlvTNs9aOsLgYd3ZsjMGynBjfX9b6+wtr6xuVXcLu3s7u0flA+PmibNNGUNmopUtyM0THDJGpZbwdpKM0wiwVrR6G5Wbz0xbXgqH+1YsTDBgeQxp2id1eqiUEM875UrftWfi6xCkEMFctV75a9uP6VZwqSlAo3pBL6y4QS15VSwaambGaaQjnDAOg4lJsyEk/m6U3LmnD6JU+2etGTu/p6YYGLMOIlcZ4J2aJZrM/O/Wiez8U044VJllkm6+CjOBLEpmd1O+lwzasXYAVLN3a6EDlEjtS6hkgshWD55FZqX1cDxw1WldpvHUYQTOIULCOAaanAPdWgAhRE8wyu8ecp78d69j0VrwctnjuGPvM8f7e+PSQ==</latexit> = coupling of the new 

force 

Croon etal ., Astrophys.J. 858 (2018) no.1, L2  
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Effect due to axions/ axion-like particles 

Ranjan Laha 



Ranjan Laha 

Compact objects as sources of axions 
Axions  couple to gluons a Gµ! ÷Gµ!
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Due to the finite density effects , the neutron star can act as a source of axions  
 
The axions can mediate a long range Yukawa-like force between the two neutron 
stars.  Additional energy loss via the radiation of the scalar 

Hook and Huang 1708.08464 
Huang etal . 1807.02133 
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Huang etal . 1807.02133 
There has also been 
research into ideas of 
light particle coupling to 
neutrons --- these will 
result in a time-dependent 
chirp mass 
(Choi and Jung 1810.01421) 



Effect due to dark matter/ dark sector 
particles coupled to light particles 

Ranjan Laha 



Ranjan Laha 

A quick understanding into impact of 
new physics 

Assuming a threshold of 10 Hz (and no presence of new forces), the binary system 
enters the LIGO band at a separation of ~ 700 km  

Neutron star radius = 10 km, new Yukawa force must have a range  

m! 1
med ! O(20 " 750) km
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Effect of long range forces in the dark sector 

First pointed out in a paper by Croon, Nelson, Sun, Walker and Xianyu arXiv : 1711.02096 
 
 

If dark matter accumulated inside neutron stars interact via a long range force , 
then the signature of inspiral / merger will change due to the extra force and due to 
the possibility that these particles can be radiated out 
 
 

The force can be attractive/ repulsive, and there can be various constraints 
 
Many works in this direction: (1) Kopp, Laha, Opferkuch , and Shepherd 1807.02527, 
(2) Alexander etal . 1808.05286, (3) Fabbrichesi  and Urbano 1902.07914 
 



Ranjan Laha 

A new Yukawa force (attractive/ repulsive)  

GN M 1M 2

! 2
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NS NS 

DM DM 

Gravitational 
attraction 

New Yukawa force 

GW emission 

Emission of the 
new force carrier 
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Kopp, Laha, Opferkuch , and 
Shepherd 1807.02527 

Q1,2
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= dark charge in neutron star 
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= mass of the mediator of 
the new Yukawa force 
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Effect of attractive dark force on  
GW frequency v/s time observation 

Ranjan Laha 
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Assuming no dipole radiation due 
to equal dark charge Ð to Ð mass 
ratio 

Attractive force speeds up the 
merger 

For the same coupling, a longer 
range force  will accelerate the 
merger faster 

Gravitational wave amplitude  is 
increased:  

AGW ! ! 2 ! 2
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Effect of repulsive dark force on  
GW frequency v/s time observation 

Ranjan Laha 

Assuming no dipole radiation due 
to equal dark charge Ð to Ð mass 
ratio 

Repulsive force slows down the 
merger 

For the same coupling, a longer 
range force  will decelerate the 
merger faster 

Gravitational wave amplitude  is 
increased:  
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Ranjan Laha 

Effect of dipole radiation on  
GW frequency v/s time observation 
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Assuming that one neutron star 
has a negligible dark charge 

Additional energy loss speeds 
up the merger 

For the same coupling, a longer 
range force  will accelerate the 
merger faster 

Sensitivity to mmed can be 
different for the two cases: 
dipole radiation and extra Yukawa 
force  

Kopp, Laha, Opferkuch , and 
Shepherd 1807.02527 
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New 
technique to 
probe novel 
dark sector 
physics 

LIGO/ Virgo 
sensitivity 

Neutron stars 
become effectively 
repulsive  

Dark sector  
core size  
bigger than screening 
radius of the new 
force 
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Constraints with current and near future 
detectors 
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Upper limit on     due to dipole radiation using 
current and near future detectors  
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activation of 
dipole radiation 
at some point 
before f ISCO   

Region below the diagonal dashed line in both the plots: dipole 
radiation is a small correction to the General Relativity contribution 

activation of 
dipole radiation 
at some point 
before f ISCO   

Contribution of extra force is present only for the neutron star Ð 
neutron star binary  
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Constraints with current and near future 
detectors 

Physical region 

For certain mass of the dark matter candidate and coupling constants, it has been 
claimed that this measurement can probe the amount of dark matter accumulated via 
accretion 



Constraints on muons with long-range forces  
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Neutron stars have a lot of muons inside them (Bell etal . 1904.09803, Garani and Heeck 1906.101445, Poddar 
etal . 1908.09732, Pearson etal . 1903.04981) 
 

Muon mass fraction can be as large as 4% --- dependence on eqn. of state 
 
Strongest constraint on exotic long-range forces due to muons    

Ranjan Laha 



Conclusions 

¥! Discovery of gravitational waves from neutron star 
mergers has opened up a new way to probe the Universe 

 

¥! These observations can probe astrophysics , cosmology, 
and nuclear physics 

¥! These observations can probe various modified gravity 
scenarios 

¥! This technique will probe new particle physics/ dark 
matter scenarios   

Ranjan Laha 

Questions and comments: 
ranjan.laha@cern.ch  


