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Best of Times:  The Multi-Messenger EraGravitational Wave Sources

LIGO (North America)LIGO (North America)
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N
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““AdvancedAdvanced”” LIGO / Virgo LIGO / Virgo
Range ~ 200-500 Range ~ 200-500 MpcMpc

Detection Rate Detection Rate ~ 1-100 yr~ 1-100 yr-1-1

GBM FOV ~ 60%
LOFAR
FOV ~50%

Swift

Gamma-Rays Radio

  ~All sky mAB<24.5 every ~3 d
- Online >~2020

Large Synoptic Survey
Telescope (LSST)

Optical (“Now”) Optical (Future)

BAT FOV ~ 15%
XRT slews in ~min

Soon: ZTF

GBM FOV ~ 60%
LOFAR
FOV ~50%

Swift

Gamma-Rays Radio

  ~All sky mAB<24.5 every ~3 d
- Online >~2020

Large Synoptic Survey
Telescope (LSST)

Optical (“Now”) Optical (Future)

BAT FOV ~ 15%
XRT slews in ~min

Soon: ZTF

GBM FOV ~ 60%
LOFAR
FOV ~50%

Swift

Gamma-Rays Radio

  ~All sky mAB<24.5 every ~3 d
- Online >~2020

Large Synoptic Survey
Telescope (LSST)

Optical (“Now”) Optical (Future)

BAT FOV ~ 15%
XRT slews in ~min

Soon: ZTF

GBM FOV ~ 60%
LOFAR
FOV ~50%

Swift

Gamma-Rays Radio

  ~All sky mAB<24.5 every ~3 d
- Online >~2020

Large Synoptic Survey
Telescope (LSST)

Optical (“Now”) Optical (Future)

BAT FOV ~ 15%
XRT slews in ~min

Soon: ZTF

Origin of R-Process Nuclei
  Core Collapse Supernovae or NS Binary Mergers?
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Abundances: Neutrinos Gravitational Waves 



What are the states of matter encountered 
inside neutron stars?  

What powers the most extreme phenomena 
in the universe? 

Big Questions

Where and how are the heavy elements such 
as gold, platinum and uranium made?   

What is dark matter?  



• Introduction to neutron stars

• Neutron star structure 

• Neutron star dynamics 
• Accreting neutron stars 
• Neutron star mergers

• The dark side of neutron stars 

• Conclusions and outlook

Outline: 



Neutron Stars: A Brief History  

“With all reserve we 
advance the view that a 
super-nova represents the 
transition of an ordinary 
star into a neutron star, 
consisting mainly of 
neutrons. Such a star may 
possess a very small 
radius and an extremely 
high density.”

Zwicky & Baade (1934) 
Extraordinary Vision!



Neutron Stars: A Brief History  

Jocelyn Bell & Anthony Hewish (1967)  

Using a radio “telescope” 
- 1000 posts and 120 miles of cable 

over 5 acres ! 
Jocelyn Bell discovers very regular 
periodic pulses of extraterrestrial origin.
Period << 1 s!  
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Neutron Stars: A Brief History  

Jocelyn Bell & Anthony Hewish (1967)  

Using a radio “telescope” 
- 1000 posts and 120 miles of cable 

over 5 acres ! 
Jocelyn Bell discovers very regular 
periodic pulses of extraterrestrial origin.
Period << 1 s!  

Pulsars are discovered and identified as neutron stars! 
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Dense Matter
Density of iron at atmospheric pressure
⇢ ' 8 g/cm3

Density of an Fe atom: ⇢ ' 8 g/cm3

Density of an Fe nucleus: ⇢ ' 2.5⇥ 1014g/cm3



Dense Matter
Density of iron at atmospheric pressure
⇢ ' 8 g/cm3

Density of an Fe atom: ⇢ ' 8 g/cm3

Density of an Fe nucleus: ⇢ ' 2.5⇥ 1014g/cm3

Compressing matter begins with the compression of electrons.   



Compressing Matter:  
A tale of frustration and liberation

Density Fermi Energy
(Frustration)

Phenomena
(Liberation)

 103 -106  g/cm3
Electron Fermi Energy

µe= 10 keV- MeV Ionization

106 -1011  g/cm3
Electron Fermi Energy

µe= 1-25 MeV
Neutron-rich Nuclei

e+p→n+νe

1011 -1014  g/cm3
Neutron Fermi Energy

µn= 1-30 MeV
Neutron-drip

superfluidity

1014 -1015 g/cm3
Neutron Fermi Energy

µn=30-1000 MeV
Nuclear matter

Quarks ?
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Composition of Dense Matter in Neutron Stars  
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Equation of State and Neutron Star Structure 

P (") + Gen.Rel. = M(R)

P (")

"

M(R)

R



Equation of State and Neutron Star Structure 

P (") + Gen.Rel. = M(R)

P (")

"

M(R)

R



Equation of State and Neutron Star Structure 

P (") + Gen.Rel. = M(R)

P (")

"

M(R)

R



Equation of State and Neutron Star Structure 

P (") + Gen.Rel. = M(R)

P (")
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A small radius and large maximum mass implies a rapid 
transition from low pressure to high pressure with density. 
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can calculate can speculate
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Neutron Star Structure: Observations
2 M⦿ neutron stars exist.
PSR J1614-2230: M=1.93(2) 
Demorest et al.  (2010)
PSR J0348+0432: M=2.01(4) M⦿ 
Anthoniadis  et al. (2013)
MSP J0740+6620: M=2.17(10) M⦿ 
Cromartie et al. (2019)
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Figure 4

The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)

(Guillot et al. 2013; Guillot & Rutledge 2014; Lattimer & Steiner 2014; Özel et al. 2015). The most

recent results are displayed as correlated contours on the neutron-star mass-radius diagram4 (see
Fig. 4).

Several sources of systematic uncertainties that can affect the radius measurements have been

studied, which we discuss in some detail below.

Atmospheric Composition. The majority of qLMXBs for which optical spectra have been ob-
tained show evidence for Hα emission (Heinke et al. 2014), indicating a hydrogen rich companion.

Although none of these spectra have been obtained for globular cluster qLMXBs, assuming that
sources in globular clusters have similar companions to those in the field led to the use of hydrogen

atmospheres when modeling quiescent spectra. There is one source among the six that have been

analyzed in detail, for which there is evidence to the contrary. There is only an upper limit on the
Hα emission from the qLMXB in NGC 6397 using HST observations (Heinke et al. 2014). Because

of this, this source has been modeled with a helium atmosphere and the corresponding results are

displayed in Fig. 4.

Non-thermal Component. Assuming different spectral indices in modeling the none-thermal

spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low

counts in the spectra do not allow an accurate measurement of this parameter; however, a range of
values have been explored in fitting the data.

Interstellar Extinction. Because of the low temperature of the surface emission from qLMXBs,

the uncertainty in the interstellar extinction has a non-negligible effect on the spectral analyses. Dif-
ferent amounts of interstellar extinction have been assumed in different studies (Guillot et al. 2013;

Lattimer & Steiner 2014). A recent study explored different models for the interstellar extinction

4The full mass-radius likelihoods and tabular data for these sources can be found at
http://xtreme.as.arizona.edu/NeutronStars.
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NS radii are difficult to measure: 
Poorly understood systematic errors, preclude 
the determination of NS radius using x-ray 
observations of surface thermal emission,

Freire & Ozel (2016)



Binary Inspiral and Gravitational WavesNeutron-star mergers and 
 gravitational waves 

explore sensitivity to neutron-rich matter 
in neutron-star merger and gw signal 
Bauswein, Janka (2012), Bauswein, Janka, Hebeler, AS (2012). 

Neutron-star mergers and 
 gravitational waves 

explore sensitivity to neutron-rich matter 
in neutron-star merger and gw signal 
Bauswein, Janka (2012), Bauswein, Janka, Hebeler, AS (2012). 

GWs are produced by fluctuating quadrupoles.
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GW170817: 
Gravitational Waves 
from Neutron Stars!   

∼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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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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Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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Component masses: m1 = 1.47 ± 0.13 M⊙

m2 = 1.17 ± 0.09 M⊙

Chirp Mass: ℳ =
(m1m2)3/5

(m1 + ms)1/5
= 1.188+0.004

−0.002 M⊙

Total Mass: M = m1 + m2 = 2.74+0.04
−0.01 M⊙
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Rorbit . 10 RNS

Tidal forces deform neutron stars.  
Induces a quadrupole moment. 
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Tidal deformations (not) observed 
in GW170817 implies a small NS 
radius: 

           R < 13 km 

Requiring a maximum mass 
greater than 2 Msun implies: 

R > 9 km 

4

FIG. 3. The 90% credible region of the posterior probability for
the common radius R̂ and binary tidal deformability ⇤̃ with the
common EOS constraint for the three mass priors. The posteriors
for the individual parameters are shown with dotted lines at the
5%, 50% and 95% percentiles. The values of ⇤̃, and hence R̂
forbidden by causality have been excluded from the posteriors.

mon radius R̂ of the neutron stars in the binary. Our results
suggest a radius R̂ = 10.7+2.1

�1.6 ± 0.2 km (90% credible
interval, statistical and systematic errors) for the uniform
mass prior, R̂ = 10.9+2.1

�1.6±0.2 km for double neutron star
mass prior, and R̂ = 10.8+2.1

�1.6±0.2 km for the prior based
on all neutron star masses.

For the uniform mass prior, we computed the Bayes fac-
tor comparing a model with a prior ⇤s ⇠ U [0, 5000] to a
model with a prior ⇤s ⇠ U [0, 100]. We find log10(B) ⇠
1, suggesting that the data favors a model that includes
measurement of tidal deformability ⇤̃ & 100. However,
the evidences were calculated using thermodynamic inte-
gration of the MCMC chains [9]. We will investigate model
selection using, e.g., nested sampling [44] in a future work.

Finally, we note the post-Newtonian waveform family
used will result in systematic errors in our measurement of
the tidal deformability [45, 46]. However, this waveform
family allows a direct comparison to the results of Ref. [1].
Accurate modeling of the waveform is challenging, as the
errors in numerical simulations are comparable to the size
of the matter effects that we are trying to measure [47].
Waveform systematics and comparison of other waveform
models (e.g., [48]) will be investigated in a future work.

Discussion.—Using Bayesian parameter estimation, we
have measured the tidal deformability and common radius
of the neutron stars in GW170817. Table I summarizes
our findings. To compare to Ref. [1], which reports a 90%
upper limit on ⇤̃  800 under the assumption of a uni-
form prior on ⇤̃, we integrate the posterior for ⇤̃ to obtain
90% upper limits on ⇤̃. For the common EOS analyses,
these are 485, 521, and 516 for the uniform, double neu-

Mass prior ⇤̃ R̂ (km) B ⇤̃90%

Uniform 222+420
�138 10.7+2.1

�1.6 ± 0.2 369 < 485

Double neutron star 245+453
�151 10.9+2.1

�1.6 ± 0.2 125 < 521

Galactic neutron star 233+448
�144 10.8+2.1

�1.6 ± 0.2 612 < 516

TABLE I. Results from parameter estimation analyses using three
different mass prior choices with the common EOS constraint,
and applying the causal minimum constraint to ⇤(m). We show
90% credible intervals for ⇤̃, 90% credible intervals and system-
atic errors for R̂, Bayes factors B comparing our common EOS
to the unconstrained results, and the 90% upper limits on ⇤̃.

tron star, and Galactic neutron star component mass pri-
ors, respectively. We find that, in comparison to the un-
constrained analysis, the common EOS assumption signif-
icantly reduces the median value and 90% confidence up-
per bound of ⇤̃ by about 28% and 19%, respectively, for
all three mass priors. The difference between our common
EOS results for the three mass priors is consistent with the
physics of the gravitational waveform. At constant M, de-
creasing q causes the binary to inspiral more quickly [49].
At constant M and constant q, increasing ⇤̃ also causes the
binary to inspiral more quickly, so there is a mild degener-
acy between q and ⇤̃. The uniform mass prior allows the
largest range of mass ratios, so we can fit the data with a
larger q and smaller ⇤̃. The double neutron star mass prior
allows the smallest range of mass ratios, and so, a larger
⇤̃ is required to fit the data, with the Galactic neutron star
mass prior lying between these two cases.

Nevertheless, considering all analyses we performed
with different mass prior choices, we find a relatively ro-
bust measurement of the common neutron star radius with
a mean value hR̂i = 10.8 km bounded above by R̂ <

13.2 km and below by R̂ > 8.9 km. Nuclear theory and
experiment currently predict a somewhat smaller range by
2 km but with approximately the same centroid as our re-
sults [14, 50]. A minimum radius 10.5–11 km is strongly
supported by neutron matter theory [51–53], the unitary
gas [54], and most nuclear experiments [14, 50, 55]. The
only major nuclear experiment that could indicate radii
much larger than 13 km is the PREX neutron skin measure-
ment, but this has published error bars much larger than
previous analyses based on antiproton data, charge radii of
mirror nuclei, and dipole resonances. Our results are con-
sistent with photospheric radius expansion measurements
of x-ray binaries which obtain R ⇡ 10–12 km [12, 56, 57].
Reference [58] found from an analysis of five neutron stars
in quiescent low-mass x-ray binaries a common neutron
star radius 9.4 ± 1.2 km, but systematic effects includ-
ing uncertainties in interstellar absorption and the neutron
stars’ atmospheric compositions are large. Other analyses
have inferred 12± 0.7 [59] and 12.3± 1.8 km [60] for the
radii of 1.4M� quiescent sources.

We have found that the relation q
7.48

< ⇤1/⇤2 < q
5.76,

in fact, completely bounds the uncertainty for the range of

Neutron Stars are Small

De et al. PRL (2018)
See also LIGO and Virgo Scientific Collaboration arXiV:1805.11581v1    



three-neutron potential is not well 
constrained by data. Modern 
effective field theory (EFT) of nuclear 
interactions provides guidance. 

Nuclear Interactions and Many Body Theory

two-body nucleon-nucleon 
potential is well constrained by 
scattering data. 

Quantum Many-Body Theory: 

Quantum Monte Carlo

Many-Body Perturbation Theory


Coupled Cluster 

ϵ(nn, np), P(nn, np)
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EFT inspired Hamiltonians organizes operators in powers of the momentum:
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FIG. 1. The analog of Fig. 1 in the main text, but for the ⇤ =
450MeV NN potential (and corresponding 3N interactions) of
Ref. [1]. Order-by-order predictions with 68% bands for (a)
the energy per particle E

N (n) and (b) the pressure P (n) of
PNM; (c) the symmetry energy S2(n) and (d) its (rescaled)
density dependence L(n); (e) the energy per particle E

A (n)
of SNM; and (f) the speed of sound c2s(n) of PNM, each as
a function of density. Dots denote every fifth interpolation
point, where n = 0.05, 0.06, . . . , 0.34 fm�3. The grey box
in (e) depicts the empirical saturation point, n0 = 0.164 ±
0.007 fm�3 with E

A (n0) = �15.86 ± 0.57MeV, obtained from
a set of energy density functionals [4]. The vertical lines are
located at n = 0.164 fm�3. See the main text for details.
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Equation of State of Neutron Matter 
Quantum many-body calculations of neutron matter using 
EFT potentials appear to converge up to twice nuclear 
saturation density.  

There remain some open questions about how to regulate 
the theory and best practicers to estimate errors. 

P(nsat) 2.1 ± 0.7 MeV/fm3

13 ± 7 MeV/fm3P(2nsat)

3.4 ± 0.7 MeV/fm3

17 ± 4.5 MeV/fm3

Tews et al. (QMC, N2LO) Drischler et al. (MBPT)
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Dense matter EOS and NS  structure

Neutron matter 
calculations and a 
general parameterization 
of the sound speed at 
higher density, 
constrained by 2 solar 
mass NS and cs < c, 
constrain NS structure. 

Tews, Gandolfi, Carlson, Reddy (2018), Tews, Margueron, Reddy (2018) 
Hebeler, Schwenk, Lattimer and Pethick (2010,2013) and Carlson, Gandolfi, Reddy (2012)
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Figure 8. Histograms for c2S(n), the mass-radius relation, and the EOS for all the accepted parameter sets
for the local chiral N2LO interactions of Figure 3 and ntr,1 (upper panels) and ntr,2 (lower panels). For the
c2S(n) histogram we terminate each parametrization at its maximal central density. The orange lines are the
corresponding contours for the polytropic expansion of Hebeler et al. (2013). For the mass-radius curve, we
also show the average radius for each mass (solid line) as well as 68% confidence intervals (dashed lines).

We find that the speed of sound increases rapidly in a small density range above ntr. This increase
is more drastic for softer nuclear interactions. For sti↵er interactions, cS increases slowly and peaks at
higher densities. In all cases, for a large fraction of parametrizations, the speed of sound increases to
values around cS ⇡ 0.9. For the smaller transition density, there exist parametrizations that observe
the conformal limit at all densities, while for the higher transition density all parametrizations violate
this bound, consistent with our previous findings.
For the mass-radius relation, we find a rather broad radius distribution at lower transition densities,

that narrows with increasing transition density. This highlights the fact that PNM calculations at
densities ⇠ 2n0 provide valuable information despite sizable uncertainties. We highlight this fact in
Figure 10 where we show the radius of a typical 1.4 M� NS as a function of ntr for the chiral EFT
interactions. At ntr,1, we find a radius range of 9.4� 14.0 km (10.0� 14.1 km) with a 68% confidence
interval of 12.0 ± 1.0 km (12.3 ± 0.9 km) for the TPE-only (TPE+VE, ) interaction. This range
reduces to 9.4� 11.8 km (10.2� 12.3 km) with a 68% confidence interval of 10.7± 0.5 km (11.5+0.3

�0.4

km) for ntr,2.
For the phenomenological interaction the mass-radius relation is much narrower than for the chiral

interactions because the EOS is much sti↵er and uncertainties associated with the interaction are

   2n0

n0



Dense matter EOS and NS  structure

Neutron matter 
calculations and a 
general parameterization 
of the sound speed at 
higher density, 
constrained by 2 solar 
mass NS and cs < c, 
constrain NS structure. 

Tews, Gandolfi, Carlson, Reddy (2018), Tews, Margueron, Reddy (2018) 
Hebeler, Schwenk, Lattimer and Pethick (2010,2013) and Carlson, Gandolfi, Reddy (2012)

13

8 10 12 14 16

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Radius [km]
M
ax
im
um

m
as
s
[S
ol
ar
m
as
se
s]

Figure 8. Histograms for c2S(n), the mass-radius relation, and the EOS for all the accepted parameter sets
for the local chiral N2LO interactions of Figure 3 and ntr,1 (upper panels) and ntr,2 (lower panels). For the
c2S(n) histogram we terminate each parametrization at its maximal central density. The orange lines are the
corresponding contours for the polytropic expansion of Hebeler et al. (2013). For the mass-radius curve, we
also show the average radius for each mass (solid line) as well as 68% confidence intervals (dashed lines).

We find that the speed of sound increases rapidly in a small density range above ntr. This increase
is more drastic for softer nuclear interactions. For sti↵er interactions, cS increases slowly and peaks at
higher densities. In all cases, for a large fraction of parametrizations, the speed of sound increases to
values around cS ⇡ 0.9. For the smaller transition density, there exist parametrizations that observe
the conformal limit at all densities, while for the higher transition density all parametrizations violate
this bound, consistent with our previous findings.
For the mass-radius relation, we find a rather broad radius distribution at lower transition densities,

that narrows with increasing transition density. This highlights the fact that PNM calculations at
densities ⇠ 2n0 provide valuable information despite sizable uncertainties. We highlight this fact in
Figure 10 where we show the radius of a typical 1.4 M� NS as a function of ntr for the chiral EFT
interactions. At ntr,1, we find a radius range of 9.4� 14.0 km (10.0� 14.1 km) with a 68% confidence
interval of 12.0 ± 1.0 km (12.3 ± 0.9 km) for the TPE-only (TPE+VE, ) interaction. This range
reduces to 9.4� 11.8 km (10.2� 12.3 km) with a 68% confidence interval of 10.7± 0.5 km (11.5+0.3

�0.4

km) for ntr,2.
For the phenomenological interaction the mass-radius relation is much narrower than for the chiral

interactions because the EOS is much sti↵er and uncertainties associated with the interaction are

   2n0

n0



Figure 2: Neutron-star mass-radius curves and marginalized posterior distributions of the source
component masses m1,2 and radii R1,2, assuming a prior uniform in component masses, with
chiral effective field theory enforced up to nsat (left) and 2nsat (right) and all additional ob-
servational constraints enforced. The dashed, horizontal red lines indicate the range of masses
spanned by the prior. The top dotted red line indicates the maximum neutron-star mass con-
straint. Any equation of state that has support above that line is excised. Each gray-black line
represents a single equation of state, which we sample directly in our analysis. The shading
of the lines is proportional to the marginalized posterior probability of the equation of state;
the darker the line, the more probable it is. The contours show the 50th and 90th percentile
credible regions (blue for the more massive component, orange for the lighter component). The
1D marginal posteriors are shown in the top and side panels; the corresponding priors (without
electromagnetic constraints) are represented by the dotted blue and orange lines. Quoted values
are the median plus/minus 95th and 5th percentiles.
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represents a single equation of state, which we sample directly in our analysis. The shading
of the lines is proportional to the marginalized posterior probability of the equation of state;
the darker the line, the more probable it is. The contours show the 50th and 90th percentile
credible regions (blue for the more massive component, orange for the lighter component). The
1D marginal posteriors are shown in the top and side panels; the corresponding priors (without
electromagnetic constraints) are represented by the dotted blue and orange lines. Quoted values
are the median plus/minus 95th and 5th percentiles.
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Tighter Constraints: Combining Nuclear Physics and GW170817 
Nuclear physics input correlates the 
neutron stars in the binary and provides 
an informed prior for GW data analysis. 
Helps extract stringent constraints on the 
NS radius:   

R1.4 = 11.2          km + 1.2
- 0.8

Lower bound is set by EM observations 
that disfavor the prompt collapse to a 
black-hole. Bauswein & Stergioulas (2015)

Capano et al. (2019)

With tighter constraints we could  discover 
phase transitions in the core. 
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geometry. 

X-ray pulse profiles contain information 
about the source compactness. 

NASA’s NICER mission has acquired data 
from a couple of neutron stars. Data 
analyzed from one source is compatible with 
GW170817 but favors larger radii with larger 
errors. 
Riley et al. (2019), Miller et al. (2019) NICER Science Overview Arzoumanian, et. al. (2014) 



NICER: Radii from Hot Spots  

J. M. Lattimer Constraining the Dense Matter Equation of State from Observations

Emission from rotating neuron stars with hot 
spots is sensitive to the space-time 
geometry. 

X-ray pulse profiles contain information 
about the source compactness. 

NASA’s NICER mission has acquired data 
from a couple of neutron stars. Data 
analyzed from one source is compatible with 
GW170817 but favors larger radii with larger 
errors. 
Riley et al. (2019), Miller et al. (2019) NICER Science Overview Arzoumanian, et. al. (2014) 

Figure 2: Neutron-star mass-radius curves and marginalized posterior distributions of the source
component masses m1,2 and radii R1,2, assuming a prior uniform in component masses, with
chiral effective field theory enforced up to nsat (left) and 2nsat (right) and all additional ob-
servational constraints enforced. The dashed, horizontal red lines indicate the range of masses
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A Small Radius (R< 12 kms) has Many Astrophysical Implications: 

• It impacts the interpretation of x-ray 
emission from neutron stars.  

• It affects the size of the neutron crust 
and associated observables.  

• Impacts the neutron star maximum 
mass and dynamics of neutron star 
mergers. 

• Influences the amount of material 
ejected during mergers and 
nucleosynthesis.  

• Determines if mergers involving 
neutron stars and black-holes can 
produce EM signals.  

Figure 3: Parameter space of neutron-star–black-hole mergers delineating regions where the
neutron star is tidally disrupted before merger (upper-left), from those in which the merger
occurs without any mass ejection (lower-right). In the latter case, neither a gamma-ray burst
nor a kilonova electromagnetic counterpart would be expected. Each curve shows the minimal
black hole spin �BH required to disrupt a neutron star of a given mass (labeled) and as a function
of the black hole mass MBH, calculated following [39]. The criterion depends sensitively on
the neutron-star radius. Our finding of R1.4M� = 11.0+0.9

�0.6 stringently constrains this parameter
space and implies a narrow uncertainty width around each curve (shaded red/grey regions). For
comparison, the 1.4M� curves for weakly-constrained neutron-star radii, 9 km < R1.4M� <
15 km, span the entire yellow-shaded region, providing only weak predictive power. Our new
constraint on R1.4M� implies that typical neutron stars cannot be disrupted by non-spinning
black holes, except possibly for unusually low black-hole mass. The grey curves show a rough
bound on the parameter space of allowed neutron-star masses, where Mns  Mmax < 2.3M�
as described in the text, and the lower limit Mns > 1M� is expected in standard astrophysical
neutron-star formation scenarios.
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Figure 1. Two possible scenarios for the evolution of the speed of sound in dense matter.

For QCD at finite baryon density, we are unaware of compelling reasons to expect that c2S <
1/3, and based on the preceding arguments, we will consider two minimal scenarios, which are
illustrated in Fig. 1. The scenario labeled (a) corresponds to the case when we assume that QCD
obeys the conformal limit c2S < 1/3 at all densities, and scenario (b) corresponds to QCD violating
this conformal bound. The behavior of cS at low and high density is constrained by theory, and
we shall show that NS observations, when combined with improved ab initio calculations of PNM,
can distinguish between these two scenarios, and provide useful insights about matter at densities
realized inside NSs.
This paper is structured as follows. In Section 2, we present constraints on the speed of sound from

nuclear physics. In Section 3, we extend the speed of sound to higher densities. In Section 3.1, we
study the EOS under the assumption that the conformal limit is obeyed and the speed of sound is
bounded by 1/

p
3. For this case, we find that cS needs to increase very rapidly above 1 � 2n0 to

stabilize a 2 M� NS. Such a rapid increase likely signals the appearance of a new form of strongly
coupled matter where the nucleon is no longer a useful degree of freedom. In Section 3.2, we release
this assumption but still find that models in which cS increases rapidly, reaching values close to c,
are favored. We study correlations in our parameterization in Section 3.3. In Section 4, we derive the
smallest possible radius for NSs consistent with nuclear physics and observations. We then investigate
the impact of possible additional observations in Section 5. Finally, we summarize our main findings
in Section 6.

2. EOS AND SPEED OF SOUND FROM NUCLEAR PHYSICS

2.1. The EOS of neutron matter

In this work, we use auxiliary-field di↵usion Monte Carlo (AFDMC) to find the many-body ground
state for a given nonrelativistic nuclear Hamiltonian (Carlson et al. 2014). In general, the nuclear
Hamiltonian contains two-body (NN), three-body (3N), and higher many-body (AN) forces,

H = T + VNN + V3N + VAN , (2)

Tews,	Carlson,	Gandolfi	and	Reddy	(2018)	
Steiner	&	Bedaque	(2016)

Large maximum mass 
combined with small radius and 
neutron matter calculations 
suggests a rapid increase in 
pressure in the neutron star 
core. Implies a large and non-
monotonic sound speed in 
dense QCD matter. 

✔

✘
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Speed of Sound in QCD at Finite Temperature 
The speed of sound at zero 
baryon density and finite 
temperature can be determined 
using Lattice QCD calculations 
of the EOS  (and experimental 
extractions from hydrodynamic 
flow observed in heavy-ion 
collisions).  

Also shows non-monotonic 
behavior but remains small.  
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Figure 3.3: Normalized QCD pressure (left) and speed of sound squared (right)
versus temperature in d = 4 obtained from lattice QCD calculations at physical
quark masses (BMW collaboration [131, 220] and HotQCD collaboration [132]).
All results are compared to a gas of non-interacting hadron resonances (“HRG”)
with masses less than 2.5 GeV [221].

definition for the “critical” temperature Tc at which it occurs. However, one
can define a “critical” temperature Tc for the confinement-deconfinement tran-
sition through the peak of the order parameter (Polyakov loop) associated with
the confinement-deconfinement transition in theories that do exhibit a phase
transition, finding

Tc = 170± 4 MeV , (3.124)

for QCD at physical quark masses [222]. This result for Tc will be referred to
as “critical temperature” for QCD in the following, even though it should be
understood that the QCD deconfinement transition is a broad analytic cross-
over.

At low temperatures, the relevant degrees of freedom for QCD are known
to be hadronic in nature. Thus, one can expect that a description in terms
of kinetic theory of hadrons should be in reasonable quantitative agreement
with lattice QCD results. To this end, results from a gas of non-interacting
hadrons and hadron resonances in thermal equilibrium (“hadron resonance gas”
or “HRG”) are shown in Fig. 3.3 for comparison, which simply correspond
to summing Eq. (3.30) over all known hadron resonances in the particle data
book14 [223]. One observes that the HRG results shown in Fig. 3.3 do seem to
o↵er a good quantitative description of lattice QCD results at low temperature
[224, 225]. The success of the HRG model can be understood through the fact
that it emerges from lattice QCD in the strong coupling limit [226].

At very high temperatures (not shown in Fig. 3.3), one observes good agree-
ment between lattice QCD results and resummed perturbative QCD [109, 227–
230].

14It is straightforward to generalize (3.30) to bosonic and/or fermionic statistics. However,
for the purpose of comparison in Fig. 3.3 these modifications are minor.
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Speed of Sound in QCD at Finite Isospin Density

Controlled calculations of QCD 
matter with a finite isospin 
chemical potential predict a 
large speed of sound at 
relatively low isospin density.

Both Chiral Perturbation Theory 
and Lattice QCD have been 
used to describe the pion 
condensed ground state and 
are in remarkable agreement. � � � � � �
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cool down to equilibrium on a much longer timescale of several
years (Rutledge et al. 2002). It is therefore possible to monitor
the cooling of such quasi-persistent transients with satellites
such as Chandra or XMM-Newton. The timescale of the cooling
is dependent on the properties of the material in the crust, such
as its thermal conductivity, and structures in the cooling curve
can give information about the nature and location of heating
sources in the crust (Brown & Cumming 2009).

Since the advent of Chandra and XMM-Newton, only a
handful of NS transients have entered quiescence after long-
duration (year or longer) outbursts. KS 1731–260 and MXB
1659–29 entered quiescence in 2001 after outbursts lasting
around 12.5 and 2.5 yr, respectively. Both sources were observed
to cool down to a constant level over a period of a few years
(Wijnands et al. 2001, 2002, 2003, 2004; Wijnands 2002, 2004;
Rutledge et al. 2002; Cackett et al. 2006, 2008), though a recent
observation of KS 1731–260 at more than 3000 days post-
outburst suggests it may still be cooling slowly (E. M. Cackett
et al. 2010, in preparation). The observed cooling timescales
were interpreted to imply a high thermal conductivity for the
crust, in agreement with more recent findings from the fitting
of theoretical models to the cooling curves (Shternin et al.
2007; Brown & Cumming 2009). In 2008, EXO 0748–676
entered quiescence after active accretion for over 24 yr. Swift
and Chandra observations of the source in the first half of the
year since the end of the outburst indicate very slow initial
cooling (Degenaar et al. 2009). In contrast to KS 1731–260
and MXB 1659–29, EXO 0748–676 has shown a significant
non-thermal component in its spectra in addition to the thermal
component. Such a non-thermal component has been seen for
many quiescent NS-LMXBs. It is usually well fitted with a
simple power law of photon index 1–2 and typically dominates
the spectrum above a few keV (Campana et al. 1998a). A number
of quiescent NS sources have spectra which are completely
dominated by the power-law component and do not require a
thermal component, e.g., the millisecond X-ray pulsar SAX
J1808.4–3658 (Heinke et al. 2007) and the globular cluster
source EXO 1745–248 (Wijnands et al. 2005). The power-law
component is common among millisecond X-ray pulsars (see,
e.g., Campana et al. 2005), but its origin is poorly understood.
Suggested explanations include residual accretion, either onto
the NS surface or onto the magnetosphere, and a shock from a
pulsar wind (see, e.g., Campana et al. 1998a). We note that it has
also been argued that low-level spherical accretion onto an NS
surface can produce a spectrum with a thermal shape (Zampieri
et al. 1995).

1.1. XTE J1701–462

XTE J1701–462 (hereafter J1701) was discovered with the
All-Sky Monitor (ASM; Levine et al. 1996) on board the Rossi
X-Ray Timing Explorer (RXTE) on 2006 January 18 (Remillard
& Lin 2006), shortly after entering an outburst (see Figure 1).
Re-analysis of earlier ASM data further constrained the start of
the outburst to a date between 2005 December 27 and 2006
January 4 (Homan et al. 2007). During the ≃1.6-year-long
outburst the source became one of the most luminous NS-
LMXBs ever seen in the Galaxy, reaching a peak luminosity
of ≃1.5 LEdd, and it accreted at near-Eddington luminosities
throughout most of the outburst (Lin et al. 2009b). The source
entered quiescence in early 2007 August (see Section 2.6 for
a discussion of our definition of quiescence for this source).
During the outburst the source was monitored on an almost daily
basis with RXTE. Spectral and timing analysis of the early phase
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Figure 1. RXTE ASM light curve of XTE J1701–462 showing the 2006–2007
outburst and the subsequent quiescent period. Data points represent 1 day
averages. The upper row of vertical bars indicates the times of the ten Chandra
observations made after the end of the outburst; the lower row indicates the
times of the three XMM-Newton observations. No other observations of XTE
J1701–462 sensitive enough to detect the source have been made since the
outburst ended.

of the outburst is presented in Homan et al. (2007), and Lin et al.
(2009b) give a detailed spectral analysis of the entire period of
active accretion. In the early and most luminous phase of its
outburst, J1701 exhibited all spectral and timing characteristics
typical of a Z source, and is the only transient NS-LMXB ever
observed to do so. During the outburst the behavior of the source
evolved through all spectral subclasses of low-magnetic-field
NS-LMXBs (Hasinger & van der Klis 1989), starting as a Cyg-
like Z source, then smoothly evolving into a Sco-like Z source
(Kuulkers et al. 1997), and finally into an atoll source (first a
bright GX-like one and subsequently a weaker bursting one).
This evolution will be discussed in detail in an upcoming paper
(J. Homan et al. 2010, in preparation). The unique behavior of
the source in conjunction with the dense coverage by RXTE has
made it possible to address long-standing questions regarding
the role of mass accretion rate in causing these subclasses and the
spectral states within each subclass (Lin et al. 2009b). Toward
the end of the outburst J1701 exhibited three type I X-ray
bursts, the latter two of which showed clear photospheric radius
expansion. From these Lin et al. (2009a) derive a best-estimate
distance to the source of 8.8 ± 1.3 kpc, using an empirically
determined Eddington luminosity for radius expansion bursts
(Kuulkers et al. 2003).

J1701 provides a special test case for NS cooling. It accreted
for a shorter time than the three cooling transients with long-
duration outbursts mentioned above, but for a longer time than
regular transients. Moreover, the level at which it accreted is
higher than for any other NS transient observed. This source
therefore allows new parameter space in NS cooling to be
probed. The close monitoring of the source with RXTE also
makes it possible to get a good estimate for the total fluence
of the outburst. This gives information about the total mass
accreted and hence about the heat generated from crustal
heating, a crucial input parameter for theoretical models of
the cooling. Flux values derived from spectral fits to RXTE
data (spectra from 32 s time bins, with linear interpolation
between data points; see Figure 3 in Lin et al. 2009b) imply a
total bolometric energy output (corrected for absorption) during
the outburst of ≃1.0 × 1046 erg for an assumed distance of
8.8 kpc and system inclination of 70◦ (D. Lin 2009, private
communication; see Lin et al. 2009b for details on the spectral
fitting). This value is likely to be uncertain by a factor of ≃2–4
due to uncertainties in the distance and inclination of the system,
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Fridriksson et al. (2010)
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Figure 4. Total unabsorbed luminosity in the 0.5–10 keV band (top panel),
redshifted effective NS surface temperature (middle panel), and unabsorbed
power-law flux in the 0.5–10 keV band (bottom panel) during quiescence. The
solid curve in the temperature panel is the best-fit exponential decay cooling
curve (with the sixth and seventh data points excluded from the fit), and the
dashed line represents the best-fit constant offset to the decay.

2.6. Cooling Curves

Figure 2 shows the transition from the final stage of outburst
to quiescence. Plotted is the total unabsorbed luminosity in the
0.5–10 keV band for the 37 RXTE observations made in the
period 2007 July 17–August 7, and the three Swift observa-
tions discussed above, as well as the first three Chandra and
XMM-Newton observations. The luminosity decreased by a fac-
tor of ∼2000 in the final ≃13 days of the outburst before starting
a much slower decay. This period of low-level and slowly chang-
ing (compared to the outburst phase) emission, taking place
after the steep drop in luminosity, is what we refer to as the
quiescent phase (see also the top panel in Figure 4). Low-level
accretion may be occurring during quiescence, but this current
phase is clearly distinct from the much more luminous and vari-
able outburst phase, during which accretion took place at much
higher rates (and which we also refer to as the period of “ac-
tive” accretion). The end of the outburst is tightly constrained
to have occurred sometime in the ≃4.3 day interval between
the final Swift observation and the first Chandra observation.
To get a more precise estimate for the end time of the out-

burst, here denoted by t0, we fit simple exponential decay curves
through the three Swift data points and the three Chandra and
XMM-Newton points in Figure 2. From the intersection of those
two curves we define t0 as MJD 54322.13 (2007 August 10
03:06 UT), i.e., ≃2.8 days before the first Chandra observation.

Table 3 lists temperatures and fluxes derived from the main
fit to the Chandra and XMM-Newton spectra discussed in
Section 2.5.2. Figure 4 shows a plot using results from this
fit. The top two panels show the total unabsorbed 0.5–10 keV
luminosity and the inferred effective NS surface temperature (as
observed at infinity). The first five data points, taken in the first
≃175 days of quiescence, show a fast drop in temperature. How-
ever, the sixth data point (XMM-3, at ≃226 days) shows a large
increase in both temperature and luminosity, and the following
Chandra observation (CXO-4) also has a higher inferred tem-
perature than before the increase. This is inconsistent with the
monotonic decrease in temperature expected for a cooling NS
crust. The last six Chandra observations all have temperatures
similar to or slightly lower than the one immediately preceding
XMM-3 (i.e., CXO-3). We assume that those are unaffected by
whatever caused the “flare-like” behavior in the sixth and sev-
enth observations, and when fitting cooling models to the data
we exclude both XMM-3 and CXO-4 but include the subsequent
observations (although some fits excluding only XMM-3 were
also made; see below). We defer further discussion of the flare
to the end of this section and Section 3.3.

We will now describe our fitting of the derived temperatures
with cooling curve models. All the fits were performed with
Sherpa, CIAO’s modeling and fitting package (Freeman et al.
2001); errors were estimated with the confidence method.12

We first fitted our temperature data with an exponential decay
cooling curve plus a constant offset, i.e., a function of the form
T ∞

eff (t) = T ′ exp[− (t − t0)/τ ]+Teq, with t0 kept fixed at the value
mentioned above. Shifts in the value of t0 do not affect derived
values for τ or Teq. The flare observations XMM-3 and CXO-4
were excluded from the fitting. We performed the temperature
fit for data from the main spectral fit (1 in Table 2), and also for
spectral parameter values corresponding to five other fits (2, 3,
7, 8, and 9), to gauge the effects on the cooling fit parameters.
The derived parameter values are shown in Table 4. The main
fit cooling curve is shown in Figure 4 along with the best-
fit constant offset (dashed line). The best-fit e-folding time is
τ = 117+26

− 19 days with an offset of Teq = 125.0±0.9 eV. For the
other values of the NS parameters (mass, radius, and distance),
the temperature values are systematically shifted by typically
5–10 eV, but the derived decay timescale is not affected to a
significant extent. The effects of changing the value of the tied
power-law index will be discussed in Section 2.6.1. Including
CXO-4 in the fit (but still excluding XMM-3) gives a longer
timescale of τ = 187+49

− 39 days; the equilibrium temperature is
not significantly affected.

As will be discussed in Section 3.2, a more physically
motivated cooling curve model is a broken power law leveling
off to a constant at late times. We therefore also fitted a broken
power-law model, excluding XMM-3 and CXO-4 as before, to
temperature data corresponding to the same six spectral fits as
before. The derived break times and power-law slopes are shown
in Table 4. The best-fit broken power-law curve to data from the
main spectral fit is shown in Figure 5 (solid curve). The data
indicate that a break in the model is needed; a simple power law
does not provide an adequate fit (χ2

ν = 2.45 for 9 dof, compared

12 See documentation at the Sherpa Web site: http://cxc.harvard.edu/sherpa/.
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Cooling Post Accretion  

•This relaxation was first discovered 
in 2001 and 6 sources have been 
studied to date.


•All known Quasi-persistent sources 
show cooling after accretion


•Cools on a time scale of ~1000 
days is set by heat transport in the 
inner crust. 


Figure from Rudy Wijnands (2013)



Excitations and Interactions in the Inner Crust

electrons lattice 

phonons

superfluid 

phonons

Cirigliano, Reddy & Sharma (2011), Page & Reddy (2012), Chamel, Page, & Reddy (2013) 

electron-phonon

electron-impurity

electron-electron

Thermal and transport properties of 
the solid and superfluid crust can be 
calculated using  effective field 
theory.  

Electrons and phonons are the 
relevant excitations.  

Phonons of the neutron superfluid mix 
with phonons of the lattice. 

In the crystalline-superfluid state electron conduction is high & heat capacity is low.    
(Gases and ordinary liquids have low conductivity and high heat capacity.) 
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Connecting to Crust Microphysics
Crust ThicknessCrustal Specific Heat

Thermal Conductivity 

• Observed timescales are short. 

• Requires small specific heat and large thermal conductivity. 

Observations suggest inner curst is solid and superfluid! 

Shternin & Yakovlev (2007) Cumming & Brown (2009) Page & Reddy (2011)

τcool ≃
CV

κ
ΔR2



Neutron Star Mergers: The Ultimate Collision
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Multi-messenger Observations of a Binary Neutron Star Merger

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc
Telluride Imager Team, IPN Collaboration, The Insight-Hxmt Collaboration, ANTARES Collaboration, The Swift Collaboration, AGILE
Team, The 1M2H Team, The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DLT40 Collaboration,
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Telescope Collaboration, ATCA: Australia Telescope Compact
Array, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, Faster Program), AST3,
and CAASTRO Collaborations, The VINROUGE Collaboration, MASTER Collaboration, J-GEM, GROWTH, JAGWAR, Caltech-
NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, KU Collaboration, Nordic
Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT Group, TOROS: Transient Robotic Observatory of the South
Collaboration, The BOOTES Collaboration, MWA: Murchison Widefield Array, The CALET Collaboration, IKI-GW Follow-up

Collaboration, H.E.S.S. Collaboration, LOFAR Collaboration, LWA: Long Wavelength Array, HAWC Collaboration, The Pierre Auger
Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The Chandra Team at McGill University, DFN:
Desert Fireball Network, ATLAS, High Time Resolution Universe Survey, RIMAS and RATIR, and SKA South Africa/MeerKAT

(See the end matter for the full list of authors.)

Received 2017 October 3; revised 2017 October 6; accepted 2017 October 6; published 2017 October 16

Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
1.7 s~ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky

region of 31 deg2 at a luminosity distance of 40 8
8

-
+ Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc~ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9~ and 16~ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Inspiral: 
Gravitational waves, 

Tidal Effects

Merger: 
Disruption, NS oscillations, ejecta 

and r-process nucleosynthesis

Post Merger: 
GRB, Afterglows, and 

Kilonova

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

Simulations: Rezzola et al (2013)

•Evolution is complex. Relies on multi-physics large-scale numerical relativity simulations. 

•Observables sensitive to equation of state and response of matter at extreme density. 



neutron star mergers

Nucleosynthesis of heavy elements:
r-process and its astrophysical site

Almudena Arcones
Helmholtz Young Investigator Group

Cas A (Chandra X-Ray observatory) Rezzolla et al.

INT Workshop: The r-process: status and challenges
July 28 - August 1, 2014

Merger Ejecta & Nucleosynthesis
Tidal ejecta: 
Early, and very  neutron-rich. Yn > 0.8

Shock and neutrino wind driven ejecta: 
Processed by weak interactions. 
Not as neutron rich. Broad range of  Yn ~ 0.6-0.8.   

Simulations find that the amount and composition of the material ejected depends:  
•  Lifetime and neutrino emission of the hyper massive, hot and rapidly rotating neutron star
•  Neutron star radius

Both these properties are largely set by properties of matter at extreme density and temperature.



Nuclear Reactions in an Expanding Gas
Start with a gas of about 85% 
neutrons and a few seed nuclei. 

Rapid neutron captures, beta 
decays and fission reactions 
drives nucleosynthesis of heavy 
elements 
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Nuclear Reactions in an Expanding Gas
Start with a gas of about 85% 
neutrons and a few seed nuclei. 

Rapid neutron captures, beta 
decays and fission reactions 
drives nucleosynthesis of heavy 
elements 

Robust synthesis of heavy elements when 

neutron fraction > 75 %.  



Electromagnetic Signatures: Ejecta and Kilonova

• Radioactive heavy elements power an EM signal. 

Eichler, Livio, Piran, Schramm 1989, Li & Paczynski 1998, 
Metzger et al.  2010, Roberts et al. 2011, Goriely et al. 2011

• Magnitude and color of the optical emission 
is sensitive to the composition of the ejecta. 
Kasen 2013

• Observed light curves from GW17081 provide 
indirect evidence for heavy-elements in the ejecta. 
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Kilonova is Sensitive to the Composition of Heavy Elements in the Ejecta  
Metzger et al.  2010

•Iron group elements made when ejecta has Yn < 0.75  
have an opacity 

𝛋Fe-like  ~ 1 cm2/g 

•Heavy r-process elements (with lanthanides) made 
when ejecta has Yn > 0.8  have an opacity 

𝛋Lanthanides   ~ 10 cm2/g 
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Figure 2 | Models of kilonovae demonstrating the observable signatures 
of r-process abundances. All models have an ejecta mass M =  0.05M⊙ and 
velocity vk =  0.2 c, but different mass fraction of lanthanides Xlan. a, Model 
bolometric light curves. If the ejecta is composed primarily of heavier 
r-process material (Xlan ≥  10−2 ) the opacity is higher, resulting in a longer 

diffusion times and longer duration bolometric light curves. b, Model 
spectra as observed 4.5 days after the mergers. The higher lanthanide 
opacities of the heavy r-process materials obscure the optical bands and 
shift the emission primarily to the infrared.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Kasen et al. 2017 

Kasen 2013

To fit observed light curves requires:
   ~ 0.04 M⦿ (?)  of nuclei with A>140
   ~ 0.025 M⦿ (?) of nuclei with  A<140



nuclei
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Neutron Star Crust:
Blast Mining Neutron Stars

To extract a few percent of 
a their mass from each 
neutron star, need to blast 
out outer 2 kms!  



nuclei

neutron
superfluid

Neutron Star Crust:
Blast Mining Neutron Stars

To extract a few percent of 
a their mass from each 
neutron star, need to blast 
out outer 2 kms!  

79 protons and 118 neutrons 
in a gold nucleus were once 
neutrons, swimming in a 
superfluid ocean inside a 
neutron star ! 



Hunting for Dark Matter 
Using Neutron Stars and Gravitational Waves 

Neutron stars are great places to 
look for dark matter: 
•Can accrete and trap dark matter.   
•Can thermally produce dark matter 
with mass < 1 GeV.  NS + dark-core 

NS + dark-halo 

Self-interacting dark matter could form hybrid 
neutron stars and compact dark objects. 

Nelson, Reddy & Zhou (2018) Horowitz &  Reddy  (2018)

Compact Dark Objects 



Hunting for Dark Matter 
Using Neutron Stars and Gravitational Waves 

NS + dark-core 

NS + dark-halo 

Gravitational wave observations of 
binary compact objects whose masses 
and tidal deformability’s differ from 
those expected from neutron stars  
and stellar black holes would provide 
conclusive evidence for a strongly self-
interacting dark sector:

Nelson, Reddy $ Zhou (2018) Horowitz &  Reddy  (2018)

Compact Dark Objects 

Mass < 0.1 Msolar
Tidal Deformability > 600



Dark Halos Alter Tidal Interactions 
Trace amount of light dark 
matter ~ 10-4-10-2  Msolar is 
adequate to enhance the 
tidal deformability
Λ > 800 !

4

FIG. 2. Dependence on nuclear EoS. Solid lines are ⇤ and
dashed lines represent radii. All configurations are approxi-
mately 1.4M� within 0.1%. ⇤1.4M� for selected realistic nu-
clear EoSs vary from 150 to 500. Hybrid stars based on these
nuclear EoSs all exhibit R5 growth for large R. Bosonic DM
with m� = 100 MeV and g�/m� = 0.1 MeV�1 is assumed.

strong coupling or light mediator masses can result in
large ⇤ even when only trace amounts of DM with total
mass M� ⌧ MNS is present. Inspiral dynamics can be

FIG. 3. ⇤ increases rapidly with increasing total DM mass
M�. For self-interacting DM with g�/m� > 1 MeV�1, M� >
10�4M� will increase ⇤ above the upper bound (' 800) set
by GW170817.

modeled by the simple approach described by Eq. 2 in
which all finite size e↵ects are incorporated through ⇤
only when the radius of halo is smaller than the orbital
separation

rorb ' 140

✓
M

M�

◆1/3 ✓ fGW

100 Hz

◆�2/3

km , (10)

at frequencies relevant to Ad. LIGO. For this reason
we restrict our study to dark halos whose radii R . 150
km. With this restriction we find that obtaining ⇤ > 800
requires M� & 5⇥ 10�6M�.

Fermion dark halos are larger and have larger ⇤ due
to the additional contribution from the Fermi degener-
acy pressure. For m� = 100 MeV, the di↵erence be-
tween fermions and bosons is modest but the di↵erence
increases rapidly with decreasing m�. We find that for
fermions with m� . 30 MeV, the dark halo and its
tidal polarizability is large even in the absence of self-
interactions. For example, we find that ⇤ = 800 is
reached for m� = 30 MeV at total dark matter mass
M� = 10�4M�, for m� = 10 MeV at M� = 3⇥10�6M�,
and for m� = 5 MeV at M� = 4⇥ 10�7M�. However in
these cases the radius of the dark halo is large: R ' 210
km for m� = 10 MeV, R ' 140 km for m� = 20 MeV,
and R ' 100 km for m� = 30 MeV. A more sophisti-
cated hydrodynamic treatment is needed to study these
situations when the dark halos overlap strongly and this
is beyond the scope of this work.

III. ACCUMULATING DARK MATTER

A key question that remains is how & 10�5 M� of DM
can be trapped by the neutron star. We noted earlier that
the mass of asymmetric DM that can accrete onto neu-
tron stars is much smaller when the ambient DM density
is of the order of GeV/cm3. In a strongly self-interacting
dark matter scenario DM-DM scattering could increase
the capture rate. In addition, the DM distribution may
not be uniform. If dense DM clumps exist, then nearby
neutron stars might accrete large amounts of DM. An-
other possibility is that DM dynamics resulted in small
structures which could seed star formation, thus massive
stars may already contain trace amounts of DM in their
cores, and the neutron stars born subsequent to the su-
pernova explosion would inherit it. Note that microlens-
ing constraints on small objects only rule out extremely
dense objects, and there is plenty of room for clumps of
DM that are much denser than the ambient density but
not dense enough to microlense. These scenarios for how
to get dark matter into neutron stars are complicated and
speculative, and imply that di↵erent neutron stars would
have vastly di↵erent amounts of DM. In contrast, be-
low we shall estimate that light DM with mass less than
a few hundred MeV can be produced copiously during
the first few seconds subsequent to core-collapse super-
nova events, and, if their coupling to baryons is not too
weak, asymmetric capture of dark particles (�’s) versus
anti-dark particles (�̄’s) would result in an ADM-neutron
star hybrid. In this case all neutron stars would contain
a similar amount of DM.
Inside the hot newly born neutron star with a tem-

perature TNS ' 30 � 50 MeV bremsstrahlung reactions
nn ! nn� and np ! np� produce � particles when
m� is not much larger than about 3TNS. In fact, the
most stringent constraint on gB , their coupling strength
to baryons, is obtained by requiring that the total energy
radiated away as � particles does not exceed ⇡ 1053 ergs
[32–34]. Since � can couple strongly to dark fermions, the

Self-Interactions of 
“natural” size provides 
adequate repulsion. 

For m𝜒 = 100 MeV

g𝜒/mΦ = (0.1/MeV) or (10-6/eV)
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The future is bright and loud

Current generation GW detectors at design sensitivity are expected to 
detect neutron star mergers at a rate of few 10s per year. A small fraction 
will be close! 

Next generation GW detectors, expected to be 10 times more sensitive, 
have expected event rates > 10,000/ year!  

EM observations of accreting neutron stars, x-ray gamma-ray bursts and 
kilo-nova light curves will improve with new instruments and campaigns.   



Next (3rd) Generation GW detectors  

Bauswein & Stergioulas (2015)

Next generation GW detectors, 
Cosmic Explorer (US) and Einstein 
Telescope (Europe) will be 10 
times more sensitive: 
• Measure NS masses and radii at 
the few percent level! 

• Detect post-merger dynamics.   

Spectrum of quasi-normal modes 
excited during the merger its set by 
the equation of state of nature’s 
hottest and densest matter. 

2

peaks are a viable prospect [36, 37, 40, 41].

II. NATURE OF SECONDARY GW PEAKS

We investigate mergers of equal-mass, intrinsically
non-spinning NSs with a 3D relativistic smoothed par-
ticle hydrodynamics (SPH) code, which imposes the con-
formal flatness condition on the spatial metric [46, 47]
to solve Einstein’s field equations and incorporates en-
ergy and angular momentum losses by a GW backreac-
tion scheme [18, 48] (see [12, 18, 28, 29, 49] for details on
the code, the setup, resolution tests and model uncertain-
ties). Comparisons to other numerical setups and also
models with an approximate consideration of neutrino ef-
fects show an agreement in determining the post-merger
spectrum within a few per cent in the peak frequen-
cies [27–29, 33, 36–38]. Magnetic field effects are neg-
ligible for not too high initial field strengths [24]. We ex-
plore a representative sample of ten microphysical, fully
temperature-dependent equations of state (EoSs) (see
Table I in [39] and Fig. 5 in this work for the mass-radius
relations of non-rotating NSs of these EoSs) and consider
total binary masses Mtot between 2.4 M⊙ and 3.0 M⊙.
In this work we consider only NSs with an initially ir-
rotational velocity profile because known spin periods in
observed NS binaries are slow compared to their orbital
motion (see e.g. [50]), and simulations with initial intrin-
sic NS spin suggest an impact on the post-merger features
of the GW signal only for very fast spins [19, 35, 38].
First, we focus on a reference model for the moderately

stiff DD2 EoS [51, 52] with an intermediate binary mass
of Mtot = 2.7 M⊙. Figure 1 shows the x-polarization of
the effective amplitude heff,x = h̃x(f) · f (with h̃x being
the Fourier transform of the waveform hx) vs. frequency
f (reference model in black). Besides the dominant fpeak
frequency [65], there are two secondary peaks at lower
frequencies (f2−0 and fspiral) with comparable signal-to-
noise ratio. Both are generated in the post-merger phase,
which can be seen by choosing a time window covering
only the post-merger phase for computing the GW spec-
trum.
The secondary peak shown as f2−0 is a nonlinear com-

bination frequency between the dominant quadrupolar
fpeak oscillation and the quasi-radial oscillation of the
remnant, as described in [25]. We confirm this by per-
forming additional simulations, after adding a quasi-
radial density perturbation to the remnant at late times.
The frequency f0 of the strongly excited quasi-radial os-
cillation is determined by a Fourier analysis of the time-
evolution of the density or central lapse function and co-
incides with the frequency difference fpeak − f2−0. As
in [25], the extracted eigenfunction at f0 confirms the
quasi-radial nature.
The secondary fspiral peak is produced by a strong de-

formation initiated at the time of merging, the pattern
of which then rotates (in the inertial frame) slower than
the inner remnant and lasts for a few rotational peri-
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FIG. 1: GW spectra of 1.35-1.35 M⊙ mergers with the
DD2 [51, 52] (black), NL3 [51, 53] (blue) and LS220 [54] (red)
EoS (cross polarization along the polar axis at a reference dis-
tance of 20 Mpc). Dashed lines show the anticipated unity
SNR sensitivity curves of Advanced LIGO [1] (red) and of the
Einstein Telescope [45] (black).

ods, while diminishing in amplitude. Figure 2 shows the
density evolution in the equatorial plane, in which one
can clearly identify the two antipodal bulges of the spi-
ral pattern, which rotate slower than the central parts
of the remnant. In this early phase the inner remnant is
still composed of two dense cores rotating around each
other (this is the nonlinear generalization of an m = 2
quadrupole oscillation producing the dominant fpeak).
Extracting the rotational motion of the antipodal bulges
in our simulations, we indeed find that their frequency
equals fspiral/2 producing gravitational waves at fspiral
(compare the times in the right panels in Fig. 2; recall
the factor two in the frequency of the GW signal com-
pared to the orbital frequency of orbiting point particles).
In Fig. 2 the antipodal bulges are illustrated by selected
fluid elements (tracers), which are shown as black and
white dots, while the positions of the individual centers
of the double cores are marked by a cross and a circle.
(We define the centers of mass of the double cores by
computing the centers of mass of the innermost 1000
SPH particles of the respective initial NSs and then fol-
lowing their time evolution.) While in the right panels
the antipodal bulges completed approximately one orbit
within one millisecond (≈ 2

fspiral
), the double cores moved

further ahead, i.e. with a significantly higher orbital fre-
quency. Examining the GW spectrum and considering
different time intervals, we find that the presence of the
fspiral peak agrees with the appearance and duration of
the spiral deformation of the remnant.
In the upper right panel of Fig. 2, the spiral deforma-

tion can be seen to initially reach deep inside the rem-
nant. We approximately determine the amount of matter
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FIG. 2: Rest-mass density evolution in the equatorial plane for the 1.35-1.35 M⊙ merger with the DD2 EoS (rotation counter-
clockwise). (The rest-mass density is shown with a variable linear scale relative to ρmax. A low number of contour levels
is chosen for illustrative reasons; the underlying simulation data is smoother than it appears with the chosen color coding.)
Black and white dots trace the positions of selected fluid elements of the antipodal bulges, which within approximately one
millisecond complete one orbit (compare times of the right panels). The orbital motion of this pattern of spiral deformation
produces the fspiral peak in the GW spectrum at 2/(1 ms) (Fig. 1). The cross and the circle mark the double cores, which
rotate significanty faster than the antipodal bulges represented by the dots (compare times of the different panels).

which belongs to the two antipodal bulges that are ro-
tating slower compared to the double cores. This matter
amounts to several tenths of M⊙ and is thus sufficient
to explain the strength of the fspiral GW peak. In ad-
dition, we find that the fspiral GW peak can be roughly
reproduced in a toy model, where the two bulges orbit as
point particles around the central double-core structure

for a duration of a few milliseconds. Note that this toy
model differs significantly from the one in [37], which con-
siders only the two cores to be contributing to the GW
signal and considers only a single instantaneous orbital
frequency of the system.

Furthermore, we take advantage of the quadrupole for-
malism to compute GW spectra considering only certain
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We investigate mergers of equal-mass, intrinsically
non-spinning NSs with a 3D relativistic smoothed par-
ticle hydrodynamics (SPH) code, which imposes the con-
formal flatness condition on the spatial metric [46, 47]
to solve Einstein’s field equations and incorporates en-
ergy and angular momentum losses by a GW backreac-
tion scheme [18, 48] (see [12, 18, 28, 29, 49] for details on
the code, the setup, resolution tests and model uncertain-
ties). Comparisons to other numerical setups and also
models with an approximate consideration of neutrino ef-
fects show an agreement in determining the post-merger
spectrum within a few per cent in the peak frequen-
cies [27–29, 33, 36–38]. Magnetic field effects are neg-
ligible for not too high initial field strengths [24]. We ex-
plore a representative sample of ten microphysical, fully
temperature-dependent equations of state (EoSs) (see
Table I in [39] and Fig. 5 in this work for the mass-radius
relations of non-rotating NSs of these EoSs) and consider
total binary masses Mtot between 2.4 M⊙ and 3.0 M⊙.
In this work we consider only NSs with an initially ir-
rotational velocity profile because known spin periods in
observed NS binaries are slow compared to their orbital
motion (see e.g. [50]), and simulations with initial intrin-
sic NS spin suggest an impact on the post-merger features
of the GW signal only for very fast spins [19, 35, 38].
First, we focus on a reference model for the moderately

stiff DD2 EoS [51, 52] with an intermediate binary mass
of Mtot = 2.7 M⊙. Figure 1 shows the x-polarization of
the effective amplitude heff,x = h̃x(f) · f (with h̃x being
the Fourier transform of the waveform hx) vs. frequency
f (reference model in black). Besides the dominant fpeak
frequency [65], there are two secondary peaks at lower
frequencies (f2−0 and fspiral) with comparable signal-to-
noise ratio. Both are generated in the post-merger phase,
which can be seen by choosing a time window covering
only the post-merger phase for computing the GW spec-
trum.
The secondary peak shown as f2−0 is a nonlinear com-

bination frequency between the dominant quadrupolar
fpeak oscillation and the quasi-radial oscillation of the
remnant, as described in [25]. We confirm this by per-
forming additional simulations, after adding a quasi-
radial density perturbation to the remnant at late times.
The frequency f0 of the strongly excited quasi-radial os-
cillation is determined by a Fourier analysis of the time-
evolution of the density or central lapse function and co-
incides with the frequency difference fpeak − f2−0. As
in [25], the extracted eigenfunction at f0 confirms the
quasi-radial nature.
The secondary fspiral peak is produced by a strong de-

formation initiated at the time of merging, the pattern
of which then rotates (in the inertial frame) slower than
the inner remnant and lasts for a few rotational peri-
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FIG. 1: GW spectra of 1.35-1.35 M⊙ mergers with the
DD2 [51, 52] (black), NL3 [51, 53] (blue) and LS220 [54] (red)
EoS (cross polarization along the polar axis at a reference dis-
tance of 20 Mpc). Dashed lines show the anticipated unity
SNR sensitivity curves of Advanced LIGO [1] (red) and of the
Einstein Telescope [45] (black).

ods, while diminishing in amplitude. Figure 2 shows the
density evolution in the equatorial plane, in which one
can clearly identify the two antipodal bulges of the spi-
ral pattern, which rotate slower than the central parts
of the remnant. In this early phase the inner remnant is
still composed of two dense cores rotating around each
other (this is the nonlinear generalization of an m = 2
quadrupole oscillation producing the dominant fpeak).
Extracting the rotational motion of the antipodal bulges
in our simulations, we indeed find that their frequency
equals fspiral/2 producing gravitational waves at fspiral
(compare the times in the right panels in Fig. 2; recall
the factor two in the frequency of the GW signal com-
pared to the orbital frequency of orbiting point particles).
In Fig. 2 the antipodal bulges are illustrated by selected
fluid elements (tracers), which are shown as black and
white dots, while the positions of the individual centers
of the double cores are marked by a cross and a circle.
(We define the centers of mass of the double cores by
computing the centers of mass of the innermost 1000
SPH particles of the respective initial NSs and then fol-
lowing their time evolution.) While in the right panels
the antipodal bulges completed approximately one orbit
within one millisecond (≈ 2

fspiral
), the double cores moved

further ahead, i.e. with a significantly higher orbital fre-
quency. Examining the GW spectrum and considering
different time intervals, we find that the presence of the
fspiral peak agrees with the appearance and duration of
the spiral deformation of the remnant.
In the upper right panel of Fig. 2, the spiral deforma-

tion can be seen to initially reach deep inside the rem-
nant. We approximately determine the amount of matter



Conclusions
• NSs are poised a play a central role in the multi-messenger era.  

• Disparate recent observations have provided detailed information about 
neutron star interiors.     

• The first observation of a neutron star merger event exceeded our 
expectations. Provided evidence for heavy element synthesis and useful 
limits on the radii of neutron stars. 

• Interpreting multi-messenger observations of merges will rely on a 
coordinated efforts that combines computational astrophysics and 
nuclear and particle physics. Has great potential for discovery. 



Tidal Effects at Late Times 
• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects
• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects

t (s)

Measuring the EOS directly
• The tidal deformability is calculated from the EOS
• This can be inverted to find EOS parameters from observations of the tidal 

parameters and masses
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