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FIGURE 2.6 Multidisciplinary quest for understanding the neutron-rich matter on Earth and in the cos-
mos. The study of neutron skins and the PREX experiment are discussed in the text. The anticipated 
discovery of gravitational waves by the Laser Interferometer Gravitational Wave Observatory (LIGO) 
and the allied European detector Virgo will help understanding large-scale motions of dense neutron-
rich matter. Finally, advances in computing hardware and computational techniques will allow theorists 
to perform calculations of the neutron star crust. SOURCE: Courtesy of W. Nazarewicz, University of 
Tennessee at Knoxville; inspired by a diagram by Charles Horowitz, Indiana University.

Nuclear Masses and Radii

The binding of nucleons in the nucleus contains integral information on the 
interactions that each nucleon is subjected to in the nuclear environment. Dif-
ferences in nuclear masses and nuclear radii give information on the binding of 
individual nucleons, on the onset of structural changes, and on specific interac-
tions. Examples of recent measurements of charge radii in light halo nuclei were 
discussed above. With exotic beams and devices such as Penning and atomic traps, 
storage rings, and laser spectroscopy the masses and radii of long sequences of 
exotic isotopes are becoming available, extending our knowledge of how nuclear 
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Connecting Quarks with the Cosmos
Eleven Science Questions  

for the Next Century             

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 116, 061102 (2016)
Selected for a Viewpoint in Physics

PHY S I CA L R EV I EW LE T T ER S
week ending

12 FEBRUARY 2016

0031-9007=16=116(6)=061102(16) 061102-1 Published by the American Physical Society

Monday, October 7, 2019

Connecting Quarks with the Cosmos
Eleven Science Questions for the New Century

1. What is Dark Matter? 

2. What is the Nature of Dark Energy? 

3. How did the Universe Begin? 

4. Did Einstein Have the Last Word on Gravity? 

5. What are the Masses of the Neutrinos and How have 
they shaped the Evolution of the Universe? 

6. How do Cosmic Accelerators Work and What are they 
Accelerating? 

7. Are Protons Unstable? 

8. What are the New States of Matter at Exceedingly High 
Density  and Temperature? 

9.  Are there Additional Space-Time Dimensions? 

10. How were the Elements from Iron to Uranium Made 

11. Is a New Theory of Matter and Light needed at the 
Highest Energies 

1

?

? 2



Monday, October 7, 2019

Connecting Quarks with the Cosmos
Eleven Science Questions for the New Century

1. What is Dark Matter? 

2. What is the Nature of Dark Energy? 

3. How did the Universe Begin? 

4. Did Einstein Have the Last Word on Gravity? 

5. What are the Masses of the Neutrinos and How have 
they shaped the Evolution of the Universe? 

6. How do Cosmic Accelerators Work and What are they 
Accelerating? 

7. Are Protons Unstable? 

8. What are the New States of Matter at Exceedingly High 
Density  and Temperature? 

9.  Are there Additional Space-Time Dimensions? 

10. How were the Elements from Iron to Uranium Made 

11. Is a New Theory of Matter and Light needed at the 
Highest Energies 

1

?

?

Testing General Relativity  
in the Strong Coupling Limit            

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.
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I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the
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"We have detected gravitational waves; we did it" 
David Reitze, February 11, 2016

The dawn of a new era: GW Astronomy 
Initial black hole masses are 36 and 29 solar masses
Final black hole mass is 62 solar masses;  
3 solar masses radiated in Gravitational Waves!  

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.
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I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the
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Neutron Rich Matter in Heaven: 
The historical first detection 
of gravitational waves from a 
binary neutron-star merger

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After

*Full author list given at the end of the Letter.
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the author(s) and the published article’s title, journal citation,
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GW170817: A play in three acts 
Act 1: LIGO detects GW from BNS merger
Extraction of “tidal polarizability”

       Stringent limits on the EOS of dense matter
Act 2: Fermi/Integral detect short g-ray burst
detected ~2 seconds after GW signal 
Confirms long-held belief of the association between  
BNS merger and g-ray bursts   

Act 3: ~70 telescopes tracked the “kilonova”
Afterglow of the explosive merger ~11 hours later
Powered by the radioactive decay of “r-process” elements 
BNS mergers as a critical site for the r-process!

Neutron-star mergers 
create gravitational waves, 

light, and gold!
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Neutron Stars as Unique 
Cosmic Laboratories for 

the Study of Dense Matter            

Monday, October 7, 2019

Connecting Quarks with the Cosmos
Eleven Science Questions for the New Century

1. What is Dark Matter? 

2. What is the Nature of Dark Energy? 

3. How did the Universe Begin? 

4. Did Einstein Have the Last Word on Gravity? 

5. What are the Masses of the Neutrinos and How have 
they shaped the Evolution of the Universe? 

6. How do Cosmic Accelerators Work and What are they 
Accelerating? 

7. Are Protons Unstable? 

8. What are the New States of Matter at Exceedingly High 
Density  and Temperature? 

9.  Are there Additional Space-Time Dimensions? 

10. How were the Elements from Iron to Uranium Made 

11. Is a New Theory of Matter and Light needed at the 
Highest Energies 

1

?
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Atmosphere (10 cm):  Shapes Thermal Radiation (L=4psR2T4)
Envelope (100 m):  Huge Temperature Gradient (108K 4106K)
Outer Crust (400 m):  Coulomb Crystal (Exotic neutron-rich nuclei)
Inner Crust (1 km):  Coulomb Frustration (“Nuclear Pasta”)
Outer Core (10 km):  Uniform Neutron-Rich Matter (n,p,e,µ)
Inner Core (?):  Exotic Matter (Hyperons, condensates, quark matter)

The Anatomy of a Neutron Star

7



Neutron Stars: Unique Cosmic Laboratories
Neutron stars are the remnants of massive stellar explosions
Bound by gravity — NOT by the strong force
Satisfy the TOV equations (vesc /c ~ 1/2)
Only Physics that the TOV equation is sensitive to: Equation of State 

Increase from 0.7/ 2 Msun transfers ownership to Nuclear Physics!

Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.

Received 7 July; accepted 1 September 2010.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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Many nuclear models 
that accurately predict 
the properties of finite 
nuclei yield enormous 

variations in the 
prediction of neutron-

star radii and 
maximum mass

Oppenheimer-Volkoff
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The Equation of State of Neutron-Rich Matter
Two conserved charges: proton and neutron densities (no weak interactions)
Equivalently; total nucleon density and asymmetry: r and a=(N-Z)/A
Expand around nuclear equilibrium density: x=(r-r0)/3r0;   r0x0.15 fm-3  

Density dependence of symmetry energy poorly constrained!!   
“L” symmetry slope ~ pressure of pure neutron matter at saturation
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Neutron-Star Structure at JLab: Rskin as a proxy for L
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PREX@JLAB: First Electroweak 
(clean!) evidence in favor of Rskin in Pb 
Precision hindered by radiation issues
Statistical uncertainties 3 times larger than  
promised: Rskin=0.33(16)fm

PREX-II and CREX to run in 2019
Original goal of 1% in neutron radius
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Electroweak Probes  
of Nuclear Densities

 
 
 

  REPORTS 
 

Cite as: D. Akimov et al., Science 
10.1126/science.aao0990 (2017). 

The characteristic most often associated with neutrinos is a 
very small probability of interaction with other forms of 
matter, allowing them to traverse astronomical objects 
while undergoing no energy loss. As a result, large targets 
(tons to tens of kilotons) are used for their detection. The 
discovery of a weak neutral current in neutrino interactions 
(1) implied that neutrinos were capable of coupling to 

quarks through the exchange of neutral Z bosons. Soon 
thereafter it was suggested that this mechanism should also 
lead to coherent interactions between neutrinos and all nu-
cleons present in an atomic nucleus (2). This possibility 
would exist only as long as the momentum exchanged re-
mained significantly smaller than the inverse of the nuclear 
size (Fig. 1A), effectively restricting the process to neutrino 

Observation of coherent elastic neutrino-nucleus scattering 
D. Akimov,1,2 J. B. Albert,3 P. An,4 C. Awe,4,5 P. S. Barbeau,4,5 B. Becker,6 V. Belov,1,2 A. Brown,4,7 A. 
Bolozdynya,2 B. Cabrera-Palmer,8 M. Cervantes,5 J. I. Collar,9* R. J. Cooper,10 R. L. Cooper,11,12 C. 
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Ki,4,5 S. R. Klein,10 A. Khromov,2 A. Konovalov,1,2,17 M. Kremer,4 A. Kumpan,2 C. Leadbetter,4 L. Li,4,5 
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The coherent elastic scattering of neutrinos off nuclei has eluded detection for four decades, even though 
its predicted cross-section is the largest by far of all low-energy neutrino couplings. This mode of 
interaction provides new opportunities to study neutrino properties, and leads to a miniaturization of 
detector size, with potential technological applications. We observe this process at a 6.7-sigma 
confidence level, using a low-background, 14.6-kg CsI[Na] scintillator exposed to the neutrino emissions 
from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Characteristic signatures in 
energy and time, predicted by the Standard Model for this process, are observed in high signal-to-
background conditions. Improved constraints on non-standard neutrino interactions with quarks are 
derived from this initial dataset. 
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 CEvNS

From Dark Matter to Neutron Stars
Coherent elastic ⌫-Nucleus scattering has never been observed!
Predicted shortly after the discovery of weak neutral currents
Enormously challenging; must detect exceedingly slow recoils
CEvNS (pronounced “7s” ) are backgrounds for DM searches
CEvNS is coherent (“large”) as it scales ⇠N2

“Piggybacking” on the enormous progress in dark-matter searches

Z0
A

Coherent Elastic ⌫-Nucleus
Scattering at the Spallation
Neutron Source (ORNL) may
become possible in the
“not-so-distant” future

J. Piekarewicz (FSU) Nuclear Physics of Neutron Stars APS – April 11-14, 2015 12 / 16



Although a fundamental parameter of the EOS, L is NOT a physical observable 
Strong correlation emerges between the neutron skin thickness of 208Pb and L
L controls both the neutron skin of 208Pb and the radius of a neutron star 
… As well as many other stellar properties sensitive to the symmetry energy 
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Neutron Rich Matter on Earth: 
The Quest for “L” at Terrestrial Laboratories
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Tidal Polarizability and Neutron-Star Radii

The tidal polarizability 
measures the  “fluffiness”  
(or stiffness)of a neutron 
star against deformation 

Electric Polarizability:
Electric field induced a polarization of charge
A time dependent electric dipole emits  
electromagnetic waves: 

        Tidal Polarizability:
Tidal field induces a polarization of mass
A time dependent mass quadrupole emits  
gravitational waves:  Qij = ⇤Eij

Pi = �Ei

⇤ = k2

✓
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2GM
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7

GW170817  
rules out very large  
neutron star radii! 

Neutron Stars 
must be compact 
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Most massive neutron star ever  
detected strains the limits of physics 

Shapiro Delay

How can we make massive stars with small radii?
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Tantalizing Possibility
• Laboratory Experiments suggest large neutron radii for Pb 
• Gravitational Waves suggest small stellar radii 
• Electromagnetic Observations suggest large stellar masses 

Exciting possibility: If all are confirmed, this tension may be evidence of a 
softening/stiffening of the EOS (phase transition?)
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How were the Elements 
from Iron to Uranium Made?            

Monday, October 7, 2019

Connecting Quarks with the Cosmos
Eleven Science Questions for the New Century

1. What is Dark Matter? 

2. What is the Nature of Dark Energy? 

3. How did the Universe Begin? 

4. Did Einstein Have the Last Word on Gravity? 

5. What are the Masses of the Neutrinos and How have 
they shaped the Evolution of the Universe? 

6. How do Cosmic Accelerators Work and What are they 
Accelerating? 

7. Are Protons Unstable? 

8. What are the New States of Matter at Exceedingly High 
Density  and Temperature? 

9.  Are there Additional Space-Time Dimensions? 

10. How were the Elements from Iron to Uranium Made 

11. Is a New Theory of Matter and Light needed at the 
Highest Energies 

1

?
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The New Periodic Table of the Elements

The optical counterpart SSS17a 
produced at least 5% solar 

masses (1029 kg!) 
of heavy elements - 

demonstrating that NS-mergers 
play a role in the r-process
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The Composition of the Outer Crust 
Enormous sensitivity to nuclear masses

Composition emerges from relatively simple dynamics
Competition between electronic and symmetry energy

Mass measurements of exotic nuclei is essential
For neutron-star crusts and r-process nucleosynthesis

E/Atot = M(N,Z)/A+
3

4
Y 4/3
e kF + lattice
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ISOLTRAP casts light
on neutron stars

EXPERIMENTS
How CMS is
preparing for
the future 
p16

COMPUTING
AT THE LHC

Work never stops for 
the WLCG p21

Kolkata honours
a great Indian
physicist 
p35

S N BOSE

Welcome to the digital edition of the April 2013 issue of CERN Courier.

Supernova explosions provide a natural laboratory for some interesting 
nuclear and particle physics, not least when they leave behind neutron 
stars, the densest known objects in the cosmos. Conversely, experiments 
in physics laboratories can cast light on the nature of neutron stars, just as 
the ISOLTRAP collaboration is doing at CERN’s ISOLDE facility, as this 
month’s cover feature describes. Elsewhere at CERN, the long shutdown of 
the accelerators has begun and a big effort on maintenance and consolidation 
has started, not only on the LHC but also at the experiments. At Point 5, work 
is underway to prepare the CMS detector for the expected improvements to 
the collider. Meanwhile, the Worldwide LHC Computing Grid continues to 
provide high-performance computing for the experiments 24 hours a day, 
while it too undergoes a continual process of improvement. 
 
To sign up to the new issue alert, please visit: 
http://cerncourier.com/cws/sign-up. 

To subscribe to the magazine, the e-mail new-issue alert, please visit:  
http://cerncourier.com/cws/how-to-subscribe.

CERN Courier – digital edition
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Nuclear Theory meets  
Machine Learning

M(N,Z) = MDFT (N,Z) + �MBNN (N,Z)

Systematic scattering greatly reduced   
Predictions supplemented by theoretical errors         

The paradigmUse DFT to predict nuclear masses   
Train BNN by focusing on residuals          

o

Re-generating Richard Feynman
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then predict AME2016
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Hanford off-line NO EM Counterpart

19

No EM counterpart



LIGO-Virgo O3 Run  
Neutron Star - Black Hole (S190814)

MassGap 
Compact binary 

systems  
with at least one 
compact object 

whose 
 mass is in the 

hypothetical 
“mass gap” 

between neutron 
stars and black 
holes, defined  

here as 3-5 solar 
masses.

NO EM Counterpart

~2.5



The Long Range Plans for Nuclear Science

!e 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight

NuPECC  
Long Range Plan 2017  
Perspectives  
in Nuclear Physics

3

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

1. Summary and Recommendations
From the hot dense soup of quarks and gluons in 

the first microseconds after the Big Bang, through 

the formation of protons and neutrons beginning the 

evolution of the chemical elements, to the awesome 

power of nuclear fission, bringing both strength and 

complicated nonproliferation issues to our national 

security, the physics of nuclei is fundamental to our 

understanding of the universe and, at the same time, 

intertwined in the fabric of our lives. Nuclear physicists 

and chemists are creating totally new elements in the 

laboratory and producing isotopes of elements that, 

hitherto, have only existed in stellar explosions or in the 

mergers of neutron stars. They develop new tools like 

accelerators and detectors that find broad applications 

in industry, medicine, and national security. The United 

States, with the support of the National Science 

Foundation (NSF) and the Department of Energy (DOE), 

has world-leading programs in nuclear science, from 

forefront basic research to the development of important 

new applications for society.

Since 1979, progress in nuclear science has been guided 

by a series of six Nuclear Science Advisory Committees’ 

(NSAC) long range plans, the last one created in 2007. 

In April 2014, NSAC was charged by the DOE O!ce 

of Science and the NSF Directorate of Mathematical 

and Physical Sciences to conduct a new study of the 

opportunities and priorities for United States nuclear 

physics research and to recommend a long range 

plan that will provide a framework for the coordinated 

advancement of the Nation’s nuclear science program 

over the next decade. The plan should indicate what 

resources and funding levels would be required to 

maintain a world-leadership position in nuclear physics 

research and what the impacts and priorities should be 

if the funding available provides for constant level of 

e"ort from the fiscal year (FY) 2015 President’s Budget 

Request into the out-years. The full text of the charge is 

given in Appendix A.1. The Isotope Program of the DOE 

O!ce of Nuclear Physics is explicitly excluded from the 

charge, as it is the subject of a separate charge to NSAC.

NSAC created a Long Range Plan working group of 

58 members (Appendix A.2), including scientists from 

Europe and Canada and with international observers 

representing associations of nuclear scientists from 

Europe and Asia. In a nine-month-long process, the 

Division of Nuclear Physics of the American Physical 

Society organized broad input for the working group, 

including several town meetings (listed in Appendix A.3) 

and white papers (available at https://www.phy.anl.

gov/nsac-lrp/). The working group held two meetings, 

an organizational meeting in November 2014, and a 

resolution meeting (see Appendix A.4) in April 2015, 

to establish recommenda tions and priorities. It is well 

recognized that resources are always limited, and 

hard choices have been made concerning parts of 

the program that could not go forward in a realistic 

budget scenario. For example, the 2013 NSAC report 

Implementing the 2007 Long Range Plan responded to 

a more constrained budget picture than was originally 

expected. The resulting focused plan has been widely 

supported by the community, the Administration, and 

Congress. This 2015 Long Range Plan also involves 

hard choices to go forward with constrained budget 

scenarios.

THE SCIENCE QUESTIONS
Nuclear science is a broad and diverse subject. 

The National Research Council Committee on the 

Assessment of and Outlook for Nuclear Physics 2013 

report, Nuclear Physics, Exploring the Heart of Matter, 

(NP2010 Committee) framed the overarching questions 

“that are central to the field as a whole, that reach out 

to other areas of science, and that together animate 

nuclear physics today:

1. How did visible matter come into being and how does 

it evolve?

2. How does subatomic matter organize itself and what 

phenomena emerge?

3. Are the fundamental interactions that are basic to the 

structure of matter fully understood?

4. How can the knowledge and technical progress 

provided by nuclear physics best be used to benefit 

society?”

The progress in nuclear science since the last long 

range plan in 2007, as well as new questions that now 

demand to be answered, will be identified in the science 

sections of this report. The 2007 plan has served the 

community and the funding agencies extremely well as 

a blueprint for the future. Indeed, given the size and the 

decade-long time scales for major construction projects, 

The overarching questions 
animating nuclear science Nuclear Physics in  

Heaven and Earth

From the quark-gluon structure 
of hadrons to the exotic  

structure of neutron stars
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The New Generation
Pablo Giuliani
Daniel Silva 
Junjie Yang

Gravitational-wave astronomy has  
opened a new window into the cosmos.  
New capabilities in heaven and earth  
will unravel nature’s deepest secrets   

Multi-messenger Astronomy with 
Gravitational Waves 

X-rays/Gamma-rays	

Gravita.onal	Waves	

Binary	Neutron	Star	Merger	

Visible/Infrared	Light	

Radio	Waves	

Neutrinos	
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FIGURE 2.6 Multidisciplinary quest for understanding the neutron-rich matter on Earth and in the cos-
mos. The study of neutron skins and the PREX experiment are discussed in the text. The anticipated 
discovery of gravitational waves by the Laser Interferometer Gravitational Wave Observatory (LIGO) 
and the allied European detector Virgo will help understanding large-scale motions of dense neutron-
rich matter. Finally, advances in computing hardware and computational techniques will allow theorists 
to perform calculations of the neutron star crust. SOURCE: Courtesy of W. Nazarewicz, University of 
Tennessee at Knoxville; inspired by a diagram by Charles Horowitz, Indiana University.

Nuclear Masses and Radii

The binding of nucleons in the nucleus contains integral information on the 
interactions that each nucleon is subjected to in the nuclear environment. Dif-
ferences in nuclear masses and nuclear radii give information on the binding of 
individual nucleons, on the onset of structural changes, and on specific interac-
tions. Examples of recent measurements of charge radii in light halo nuclei were 
discussed above. With exotic beams and devices such as Penning and atomic traps, 
storage rings, and laser spectroscopy the masses and radii of long sequences of 
exotic isotopes are becoming available, extending our knowledge of how nuclear 
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