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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. 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 [46–50].
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 [54–56].
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 [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black 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 detector’s 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 [67–70]. 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 150–800 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
detector’s 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/LNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QNCxY0c</latexit><latexit sha1_base64="oZ/S57UYVTOyaoDyJuIucc4BUKc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0lU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0ULk465XKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdI8r3pu1bu/LNdu8jgKcAwnUAEPrqAGd1CHBjAYwDO8wpsjnBfn3fmYt644+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 

GNM1M2

�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 JHEP 

M1,2
<latexit sha1_base64="Unt+wZaXh4M9z8bLV/OU20YjZGU=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkRdBj0YsXoYL9gDaUzXbSLt1s4u5GKKF/wosHRbz6d7z5b9y2OWjrCwsP78 ywM2+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/wosHRbz6d7z5b9y2OWjrCwsP78 ywM2+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/wosHRbz6d7z5b9y2OWjrCwsP78 ywM2+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/wosHRbz6d7z5b9y2OWjrCwsP78 ywM2+QCK6N6347K6tr6xubha3i9s7u3n7p4LCp41QxbLBYxKodUI2CS2wYbgS2E4U0CgS2gtHNtN56QqV5LB/MOEE/ogPJQ86osVb7rpd556Q66ZXKbsWdiSyDl0MZctV7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdixKGqH2s9m+E3JqnT4JY2WfNGTm/p7IaKT1OApsZ0TNUC/WpuZ/tU5qwis/4zJJDUo2/yhMBTExmR5P+lwhM2JsgTLF7a6EDamizNiIijYEb/HkZWhWK57l+4ty7TqPowDHcAJn4MEl1OAW6tAABgKe4RXenEfnxXl3PuatK04+cwR/5Hz+AME/jx0=</latexit>

= neutron star 

�
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= distance between two neutron stars 

GW frequency 

Orbital frequency 



Muons inside neutron stars 
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cold non-rotating,
non-accreting NSs

Ranjan Laha 

Neutron stars host a large 
population of muons 

Dror, Laha, and Opferkuch 1909.12845 

Muon population arises 
from chemical equilibrium, 
charge neutrality, and a 
typical Fermi energy of ~ 
100 MeV 

A pure Standard Model 
phenomenon 

Muon fraction depends on 
the equation of state 

Bell etal. 1904.09803, Garani and Heeck 1906.101445, Poddar etal. 
1908.09732, Pearson etal. 1903.04981 
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A new Yukawa force (attractive/ repulsive)  

GNM1M2
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Kopp, Laha, Opferkuch, and 
Shepherd 1807.02527 JHEP 



Probing long-range muonic interactions  

Dror, Laha, and Opferkuch 1909.12845 

 
Huge discovery potential on exotic long-range forces due to muons 
 
LIGO – VIRGO can probe large parts of the unexplored parameter space   

Ranjan Laha 
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Probing long-range muonic interactions  
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Einstein Telescope and Cosmic Explorer have great potential to discover new parts 
of the parameter space 
 
Neutron star – black hole mergers hold promising avenues for discovery 
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Conclusions 
•  Neutron star inspirals are a great 

laboratory to discover new long-range 
forces 

•  We showed that LIGO – VIRGO 
observations can discover new long-range 
interactions of muons  

•  Great discovery potential for Einstein 
Telescope and Cosmic Explorer 

Ranjan Laha 


