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• Tidal deformability of neutron stars and cold dense matter. 
• Constraining interacting dark matter with GW170817.
• Neutrino interactions at sub-nuclear density. 

• EOS of hot dense matter and heavy-ion experiments.
• Specific heat, temperature and neutrino spectrum. 
• Neutrino shear viscosity and bulk-viscosity.    

Part I: Some Recent Results  

Part II: Discussion (Tetyana)  



Neutron Stars: A theorist’s view

• Nuclear physics describes a large fraction 
of the neutron star.  

• Radius is largely determined by the 
properties of the outer core and maximum 
mass by the inner core. 

• The equation of state up to a few times 
1014 g/cm3 can be calculated.
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Effective Field Theory: Chiral NN & NNN Forces 
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Organizes the nuclear Hamiltonian in powers of the momentum:

Beane, Bedaque, Epelbaum, Kaplan, Machliedt, Meisner, Phillips, Savage, van Klock, Weinberg, Wise .. 

Allows for error estimation. Provides guidance for the structure of three and many-body forces.
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 The limits of nuclear theory
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Equation of State of Neutron Matter 

Hebeler and Schwenk 2009, Tews, Kruger, Hebeler, Schwenk (2013), Holt Kaiser, Weise (2013), Roggero, Mukherjee, Pederiva 
(2014), Wlazlowski, Holt, Moroz, Bulgac, Roche (2014), Tews et al. (2018) 

4

0.00 0.05 0.10 0.15 0.20 0.25 0.30

n

�
fm�3

�
0

5

10

15

20

25

30

35

40

45

E
/
A

[ M
eV

]

AV8�

AV8� + UIX

LO

NLO

N2LO (TPE + VE1)

N2LO (TPE � only)

N2LO (TPE + VE�

)

Figure 2. The neutron-matter EOSs used in this work. We show the AFDMC results for local chiral
Hamiltonians with three di↵erent 3N short-range operators: TPE-only (green middle band), TPE+VE,

(red upper band), and TPE+VE,⌧ (blue lower band), see Lynn et al. (2016) for details. As comparison, we
also show results for the phenomenological AV8’+UIX interactions (black line), as well as LO (dashed line)
and NLO (dashed-dotted line) results for the local chiral interactions of Gezerlis et al. (2014) with R0 = 1.0
fm and for AV8’ (dotted line).

which can be obtained from chiral e↵ective field theory (EFT) at low-density (see, for instance, Epel-
baum et al. (2009) and Machleidt & Entem (2011)). Chiral EFT is a systematic framework for
low-energy hadronic interactions, that naturally includes both two-body and many-body forces and
allows for systematic uncertainty estimates. It has been successfully used to calculate nuclei and
nuclear matter, see for instance Hebeler et al. (2015) and references therein.

In this paper, we extend the AFDMC calculations of PNM of Lynn et al. (2016) with recently
developed local chiral N2LO interactions including two- and three-body forces of Gezerlis et al.
(2013), Gezerlis et al. (2014), and Tews et al. (2016) to higher densities. We find that, despite the
rapid increase of the error estimates, EFT-based interactions remain useful up to n = 0.32 fm�3

and our results for the energy per particle in neutron-matter is shown in Figure 2. We plot the
results for local chiral interactions at LO, NLO, and N2LO with three di↵erent 3N interactions
defined in Lynn et al. (2016): 3N interactions with only the two-pion exchange (TPE-only), and
3N interactions containing the TPE plus shorter-range contact terms with two di↵erent spin-isospin
operators (TPE+VE, and TPE+VE,⌧ ), see Lynn et al. (2016) for details. The uncertainty bands
for the individual N2LO interactions are obtained as suggested by Epelbaum et al. (2015), i.e., the

Tews et al. (2018)Reliable calculations of neutron matter are 
now possible using QMC and EFT inspired 
Hamiltonians.  

Order-by-order convergence is good at 
n=0.16 fm-3 and reasonable at n=0.32 fm-3.

n=0.16 fm-3 n=0.32 fm-3

Energy (MeV)

Pressure (MeV/fm-3)

15 ± 3 30 ± 15 

2.2 ± 1.5 10 ± 8 
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Table 1. Energy per particle and pressure in PNM at n0 and 2n0 for local chiral Hamiltonians at LO, NLO,
and N2LO with three di↵erent short-range operators. The uncertainties are obtained using Equation (3)
with two di↵erent expansion parameters p/⇤B with p =

p
3/5kF and p = kF in parenthesis. We also give

the values for the free Fermi gas and the phenomenological AV8’+UIX interaction.

free pheno. LO NLO N2LO (TPE-only) N2LO (+ VE, ) N2LO (+VE,⌧ )

E/A n0 35.1 19.1 15.5± 5.2 (8.6) 14.3± 2.7 (5.7) 15.6± 1.4 (3.8) 17.3± 1.5 (3.8) 13.5± 1.4 (3.8)

2n0 55.7 49.9 20.9± 14.6 (24.3) 27.0± 9.4 (20.3) 27.2± 6.1 (16.9) 36.9± 6.4 (16.9) 14.3± 8.2 (16.9)

P n0 3.7 3.3 1.3± 0.7 (1.1) 1.6± 0.4 (0.8) 1.8± 0.2 (0.5) 2.4± 0.4 (0.6) 1.1± 0.3 (0.5)

2n0 11.9 25.8 3.1± 3.7 (6.1) 9.8± 4.4 (5.6) 7.8± 2.8 (4.7) 15.1± 3.4 (4.7) �2.6± 8.1 (10.4)

uncertainty �X

N2LO at order N2LO is given by

�X

N2LO = max
⇣
Q
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��
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free
��
, Q

2
��
X
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LO
��
, Q

���XN2LO � X

NLO
���
⌘

, (3)

and similar for lower orders. The momentum scale Q is given by Q = max(p/⇤b, m⇡/⇤b) with p

being a typical momentum scale of the system and m⇡ being the pion mass. For PNM in Figure 2,
we use the scale p =

p
3/5kF ; see Lynn et al. (2017). The results indicate that the EOS of PNM

is well constrained up to saturation density, but the associated error grows rapidly with density.
Nonetheless, the order-by-order convergences is still consistent with EFT expectations in the range
n0 � 2n0. In addition, although these interactions are only fit to low-energy scattering data up
to laboratory energies of 150 MeV, they describe phase shifts also at much higher energies within
uncertainties; see, e.g., Epelbaum et al. (2015). For comparison, we also show results obtained using
the phenomenological Argonne v8’ NN interaction (AV8’) and the Urbana IX 3N interactions (UIX)
in Figure 2.

We present the energy per particle and the pressure at n0 and 2n0 at LO, NLO, and N2LO in Table 1
to provide supporting arguments for the convergence of the chiral expansion in this density range.
Uncertainty estimates in Table 1 are provided by assuming a typical momentum scale p =

p
3/5kF

and, in addition, a more conservative choice p = kF . At saturation density we find a systematic
order-by-order convergence for both energies and pressure: the results at di↵erent orders overlap
within their uncertainties, which decrease order-by-order.

From Figure 2 and Table 1 we see that the shorter-range 3N interactions significantly influence
the convergence, but are still within conservative uncertainty estimates. These shorter-range 3N
forces appear at N2LO in the chiral power counting and contribute to systems containing triples
of both neutrons and protons with S = 1/2 and T = 1/2, where S and T are the total spin in
isospin, respectively. They are typically fit to few-body observables, such as the 4He binding energy
and neutron-alpha scattering (see Lynn et al. (2017) for a detailed discussion). In PNM, where
all triples have T = 3/2, these 3N forces usually vanish and it can be shown that at N2LO only
the long-range 3N TPE interaction contributes; see, for instance, Hebeler & Schwenk (2010), while
shorter-range contributions to PNM only appear at higher-order in the chiral expansion. In our case,
however, contributions to PNM from short-range N2LO 3N interactions arise as artifacts from using
local regulators. Local forces in coordinate space are essential for their incorporation in AFDMC
but introduce regulator artifacts; see Huth et al. (2017) for a detailed discussion in the NN sector.
In case of three-nucleon forces these regulator artifacts appear in the form of the shorter-range 3N
interactions mixed into triples with S = 3/2 or T = 3/2, e.g., triples containing three neutrons. We

Q =
α pF
ΛB

α = 0.75-1 ΛB = 500 MeV
pF(n0) = 331 MeV
pF(2n0) = 417 MeV

(MeV/fm3)

Does the EFT remain useful at twice saturation density? 
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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 c

2
S < 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 c

2
S < 1/3 at all densities, and scenario (b) corresponds to QCD violating this confor-

mal 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
neutron stars.

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 parametrization in Section 3.3. In Section 4, we derive the
smallest possible radius for neutron stars 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 non-relativistic 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 & Reddy (2018)

Parameterizing the high density EOS with 
arbitrary density dependence of the speed of 
sound (chosen to be between 0-1) is:
1. Convenient
2. Physical
3. Avoids artificial discontinuities associated 

with matching polytropes.  
4. Allows to make easier connections to heavy-

ion experiments (which probe hydrodynamic 
evolution).     

Small NS radii (R< 13 km) together with a 
maximum mass > 2 Msolar and neutron matter 
and pQCD constraints suggest that the speed of 
sound is not a monotonically increasing function 
of density! (Bedaque & Steiner (2017))

Parametrizing the high density EOS: Speed of sound
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arbitrary density dependence of the speed of 
sound (chosen to be between 0-1) is:
1. Convenient
2. Physical
3. Avoids artificial discontinuities associated 

with matching polytropes.  
4. Allows to make easier connections to heavy-

ion experiments (which probe hydrodynamic 
evolution).     

Small NS radii (R< 13 km) together with a 
maximum mass > 2 Msolar and neutron matter 
and pQCD constraints suggest that the speed of 
sound is not a monotonically increasing function 
of density! (Bedaque & Steiner (2017))
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Figure 7. Four examples for the extension of c2S(n) as defined in Equation (9) (without conformal limit)
for ntr,2 and the chiral TPE+VE,1 interaction. Black dots indicate the maximal central densities reached
inside neutron stars for the corresponding EOSs and the red-dashed line indicates the conformal limit.

We sample values for the baseline width and the four peak parameters that determine cS to construct
the high density EOS. We use the full EOS and solve the TOV equations to obtain NS mass-radius
curves and the NS maximum mass; when this is found to be greater than the 2.01 M� mass constraint,
we accept the parameter set, and reject it otherwise. We sample the five parameters from uniform
distributions within the following ranges: nBL between 0.01 � 3.0 fm�3, hP between 0.0 � 0.9, wP

between 0.1 � 5.0 fm�3, nP between (ntr + 0.08) � 5.0 fm�3, and sP between (�50) � 50, and enforce
that 0  c

2
S  1.

For the chiral interactions, we additionally sample from the uncertainty bands for cS by randomly
choosing a factor f

err between �1 and 1, that linearly interpolates between the lower and upper
bound of the uncertainty band,

cS(n) = c

N2LO
S (n) + f

err�c

EKM
S (n) , (10)

where c

N2LO
S (n) is the chiral result at N2LO and �c

EKM
S (n) is its uncertainty.

As stated before, we analyze the results for two di↵erent transition densities and generate a few
thousand accepted parameter sets for each transition density. We show histograms for the resulting
speed of sound, the mass-radius relation, and the EOS in Figures 8 and 9 for both transition densities.
For the mass-radius histograms, we also show the average radius for each mass as well as 68%
confidence intervals.

Parametrizing the high density EOS: Speed of sound



Dense matter EOS and NS  structure

Neutron matter calculations and a sound speed at higher density constrained only by 2 solar mass 
NS and causality provide useful constraints on NS properties.  We call this the speed of sound 
model (CSM). It encompasses all possibilities consistent with EFT calculations of neutron matter.    

EFT error estimates (albeit large) at twice saturation density provides useful constraints:

R1.4 = 9.5 - 12.5 km 
          
Mmax  = 2.0 - 2.8 Msolar

Assumptions about a “smooth” EOS from two to four times saturation density provides more 
stringent constraints on the mass-radius curves.  We call this the minimal model (MM).    
Smoothness is defined by a fourth order Taylor expansion about saturation density. 

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



3

102 103

�
�
MeV fm�3

�
100

101

102

103

p
� M

eV
fm

�
3�

ntr = 0.16fm�3

(c)

MM

CSM

6 8 10 12 14 16 18

R [km]

0

1

2

3

4

M
[ M

so
l]

ntr = 0.16fm�3

(d)

MM

CSM
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[lower panels, (e)-(h)]. We compare the energy per particle for neutron matter [panels (a) and (e)], the pressure in neutron
matter [panels (b) and (f)], the EOS envelopes of neutron-star matter [panels (c) and (g)], and the envelopes for the mass-radius
relations [panels (d) and (h)]. In panels (a), (b), (e), and (f), we also show the neutron matter constraints from Ref. [3].

by the MM. It explores the widest possible domain of
EOS density dependence, maximizing the predictions for
the EOS and NS observables. The CSM was studied in
Ref. [3], but in this work we extend the parametriza-
tion to explore the full parameter space for the speed of
sound, by randomly sampling points c

S

(n) and connect-
ing them by linear segments. This approach represents a
generalization of extensions using piecewise polytropes,
introduced in Ref. [18] and widely used for NSs [19–21],
but o↵ers the advantage that the speed of sound, entering
in the calculation of the tidal polarizability, is continu-
ous. Similar to piecewise polytropes, the CSM does not
allow to extract information on the composition of dense
matter as well as the type of a phase transition, but is a
very pragmatic way to test the e↵ects beyond the MM.

To obtain the neutron-star EOS, we extend our mod-
els to �-equilibrium and include a crust as described in
Refs. [17, 22]. These di↵erent prescriptions for the crust
lead to excellent agreement, as shown in panels (c) and
(g) of Fig. 2 at low densities. Once the �-equilibrium
matter is obtained, we enforce causality (c2

s

< 1), stabil-
ity (c2

s

> 0), and, in the case of the MM, positiveness
of the symmetry energy (s(n) > 0) for all densities up
to the maximal central density, corresponding to M

max

,

for all EOS. Current pulsar observations impose the ad-
ditional conservative contraint M

max

> 1.9M� [23–25]
that all our EOSs satisfy.
In Fig. 2, we compare the EOS boundaries for our two

models in panel (c) for n
tr

= n
sat

and in panel (g) for
n
tr

= 2n
sat

. In panels (d) and (h) we show the corre-
sponding boundaries in the mass-radius (MR) diagram,
resulting from solving the TOV equations [26, 27]. The
results of the CSM are shown as light red bands (dashed
contours), while the predictions of the MM are given
by dark-gray bands (solid contours). We find, i) that
both models show good agreement at low density, ii) that
above n

tr

the MM is a subset of the CSM as expected,
and iii) that the CSM allows for regions of sudden sti↵en-
ing or softening that are absent in the MM. From Fig. 2,
we can also conclude iv) that even though the neutron-
matter EOS from nuclear physics has sizable uncertain-
ties between 1-2n

sat

, see Ref. [3] and Fig. 2(e)-(f), its
nevertheless provides su�cient additional information to
substantially reduce the EOS and MR uncertainties.

Having specified our models and their impacts on the
gross properties of neutron stars, we now turn to dis-
cuss the implications of the recent neutron-star merger
observation GW170817 by the LV collaboration. The
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results of the CSM are shown as light red bands (dashed
contours), while the predictions of the MM are given
by dark-gray bands (solid contours). We find, i) that
both models show good agreement at low density, ii) that
above n

tr

the MM is a subset of the CSM as expected,
and iii) that the CSM allows for regions of sudden sti↵en-
ing or softening that are absent in the MM. From Fig. 2,
we can also conclude iv) that even though the neutron-
matter EOS from nuclear physics has sizable uncertain-
ties between 1-2n
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EOS density dependence, maximizing the predictions for
the EOS and NS observables. The CSM was studied in
Ref. [3], but in this work we extend the parametriza-
tion to explore the full parameter space for the speed of
sound, by randomly sampling points c
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(n) and connect-
ing them by linear segments. This approach represents a
generalization of extensions using piecewise polytropes,
introduced in Ref. [18] and widely used for NSs [19–21],
but o↵ers the advantage that the speed of sound, entering
in the calculation of the tidal polarizability, is continu-
ous. Similar to piecewise polytropes, the CSM does not
allow to extract information on the composition of dense
matter as well as the type of a phase transition, but is a
very pragmatic way to test the e↵ects beyond the MM.

To obtain the neutron-star EOS, we extend our mod-
els to �-equilibrium and include a crust as described in
Refs. [17, 22]. These di↵erent prescriptions for the crust
lead to excellent agreement, as shown in panels (c) and
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to the maximal central density, corresponding to M

max

,

for all EOS. Current pulsar observations impose the ad-
ditional conservative contraint M

max

> 1.9M� [23–25]
that all our EOSs satisfy.
In Fig. 2, we compare the EOS boundaries for our two

models in panel (c) for n
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and in panel (g) for
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. In panels (d) and (h) we show the corre-
sponding boundaries in the mass-radius (MR) diagram,
resulting from solving the TOV equations [26, 27]. The
results of the CSM are shown as light red bands (dashed
contours), while the predictions of the MM are given
by dark-gray bands (solid contours). We find, i) that
both models show good agreement at low density, ii) that
above n

tr

the MM is a subset of the CSM as expected,
and iii) that the CSM allows for regions of sudden sti↵en-
ing or softening that are absent in the MM. From Fig. 2,
we can also conclude iv) that even though the neutron-
matter EOS from nuclear physics has sizable uncertain-
ties between 1-2n
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, see Ref. [3] and Fig. 2(e)-(f), its
nevertheless provides su�cient additional information to
substantially reduce the EOS and MR uncertainties.

Having specified our models and their impacts on the
gross properties of neutron stars, we now turn to dis-
cuss the implications of the recent neutron-star merger
observation GW170817 by the LV collaboration. The



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.
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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.
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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
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• Tidal deformations were small 
suggesting that R < 13.5 km. 
Compatible with current dense matter 
theories.  

• Data favors a finite tidal polarizability. 

•GW170817 excludes EOS that are 
incompatible with ab initio calculations 
of neutron matter up to twice nuclear 
density. 



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.
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FIG. 1. Envelopes for the CSM (red) and the MM (black) for the correlation of the tidal polarizabilities ⇤
1

and ⇤
2

of the two
compact stars in GW170817. We show: panel (a) the results for n

tr

= n
sat

and no constraint on ⇤̃, panel (b) for n
tr

= n
sat

when additionally enforcing ⇤̃ < 800, and panel (c) for n
tr

= 2n
sat

and no constraint on ⇤̃. We also show the 90% (dashed lines)
and 50% (dotted lines) probability contours for the MM (black lines), the CSM (red lines), and compare to the corresponding
90% and 50% contours from the LV analysis (blue lines).

Low-density neutron matter is rather well determined
by ab initio approaches based on Hamiltonians con-
strained by NN scattering data. At very low density,
neutron matter is close to the unitary limit where the
large two-body scattering length dominates; here, mea-
surements of cold atomic gases [4, 5] validate the many-
body methods used in this work [6]. In addition, two- and
many-body interactions in neutron matter are simpler
than in systems containing also protons, and ab initio

many-body methods are well suited to describe this sys-
tem. As a result, predictions for the neutron-matter EOS
based on di↵erent many-body approaches are typically in
very good agreement. Among them, Chiral EFT [7–11] is
a systematic and successful theory of nuclear forces that
allows to determine theoretical uncertainty estimates. In
this work, we consider neutron-matter results of Ref. [3],
which were obtained using the chiral EFT Hamiltoni-
ans from Refs. [12, 13]. These Hamiltonians have been
tested in light- to medium-mass nuclei and in n-↵ scat-
tering with great success [13, 14]. They also agree with
experimental knowledge of the empirical parameters for
the symmetry energy [15, 16]. More importantly, since
EFT provides a well-defined prescription to estimate er-
rors, we base all our models on the neutron-matter EOS
up to a certain transition density, n

tr

, which we vary to
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sat

or 2n
sat

.

The EOS of neutron matter represented by the en-
ergy per particle and pressure determined from chiral
EFT [3] is shown as a function of the baryon density
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and in Figs. 2(e) and
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(vertical blue uncertainty bars). As men-
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assumed to be smooth and describable in terms of a den-
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. The model parameters, which
can in principle be measured in nuclear experiments, are

the so-called empirical parameters of nuclear matter: the
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the isospin asymmetry. In Ref. [16] it was found that
by varying the empirical parameters within their known
or estimated uncertainties, the MM is able to reproduce
the EOSs predicted by a large class of existing nuclear
models — suggesting that the MM is a good representa-
tion of models which assume that a nuclear description
is valid for all densities encountered in NSs. Specifically,
our MM corresponds to the meta-model ELFc introduced
and applied to NS in Refs. [16, 17].
The second model (CSM), which we consider the max-

imal model for reasons that will become clear shortly,
constructs the EOS from a general parametrization of
the speed of sound,
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with the pressure p and the energy density ✏. The CSM
allows phase transitions that can produce drastic soften-
ing or sti↵ening, in contrast to the smoothness imposed
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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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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.
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FIG. 1. Envelopes for the CSM (red) and the MM (black) for the correlation of the tidal polarizabilities ⇤
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and ⇤
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of the two
compact stars in GW170817. We show: panel (a) the results for n

tr

= n
sat

and no constraint on ⇤̃, panel (b) for n
tr

= n
sat

when additionally enforcing ⇤̃ < 800, and panel (c) for n
tr

= 2n
sat

and no constraint on ⇤̃. We also show the 90% (dashed lines)
and 50% (dotted lines) probability contours for the MM (black lines), the CSM (red lines), and compare to the corresponding
90% and 50% contours from the LV analysis (blue lines).

Low-density neutron matter is rather well determined
by ab initio approaches based on Hamiltonians con-
strained by NN scattering data. At very low density,
neutron matter is close to the unitary limit where the
large two-body scattering length dominates; here, mea-
surements of cold atomic gases [4, 5] validate the many-
body methods used in this work [6]. In addition, two- and
many-body interactions in neutron matter are simpler
than in systems containing also protons, and ab initio

many-body methods are well suited to describe this sys-
tem. As a result, predictions for the neutron-matter EOS
based on di↵erent many-body approaches are typically in
very good agreement. Among them, Chiral EFT [7–11] is
a systematic and successful theory of nuclear forces that
allows to determine theoretical uncertainty estimates. In
this work, we consider neutron-matter results of Ref. [3],
which were obtained using the chiral EFT Hamiltoni-
ans from Refs. [12, 13]. These Hamiltonians have been
tested in light- to medium-mass nuclei and in n-↵ scat-
tering with great success [13, 14]. They also agree with
experimental knowledge of the empirical parameters for
the symmetry energy [15, 16]. More importantly, since
EFT provides a well-defined prescription to estimate er-
rors, we base all our models on the neutron-matter EOS
up to a certain transition density, n

tr

, which we vary to
be n

sat

or 2n
sat

.

The EOS of neutron matter represented by the en-
ergy per particle and pressure determined from chiral
EFT [3] is shown as a function of the baryon density
n in Figs. 2(a) and (b) up to n

sat

and in Figs. 2(e) and
(f) up to 2n

sat

(vertical blue uncertainty bars). As men-
tioned earlier, for baryon number density density n > n

tr

we use two distinct approaches: in the MM the EOS is
assumed to be smooth and describable in terms of a den-
sity expansion about n

sat

. The model parameters, which
can in principle be measured in nuclear experiments, are

the so-called empirical parameters of nuclear matter: the
saturation energy E

sat

, the incompressibility of nuclear
matter K

sat

, the symmetry energy E
sym

, its slope pa-
rameter L
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, as well as higher order parameters, defined
through

e
s

(n) = E
sat

+
1

2
K

sat

u2 +
1

6
Q

sat

u3 +
1

24
Z
sat

u4 + ...

(1)

s(n) = E
sym

+ L
sym

u+
1

2
K

sym

u2 +
1

6
Q

sym

u3

+
1

24
Z
sym

u4 + ... (2)

where e
s

(n) is the energy per particle in symmetric mat-
ter, and s(n) the symmetry energy, s(n) = 1

2

@2e/@�2.
Also, u = (n � n

sat

)/(3n
sat

) is the expansion parame-
ter, n = n

n

+ n
p

is the baryon density, n
n/p

are the
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)/n is
the isospin asymmetry. In Ref. [16] it was found that
by varying the empirical parameters within their known
or estimated uncertainties, the MM is able to reproduce
the EOSs predicted by a large class of existing nuclear
models — suggesting that the MM is a good representa-
tion of models which assume that a nuclear description
is valid for all densities encountered in NSs. Specifically,
our MM corresponds to the meta-model ELFc introduced
and applied to NS in Refs. [16, 17].
The second model (CSM), which we consider the max-

imal model for reasons that will become clear shortly,
constructs the EOS from a general parametrization of
the speed of sound,
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@p(✏)
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, (3)

with the pressure p and the energy density ✏. The CSM
allows phase transitions that can produce drastic soften-
ing or sti↵ening, in contrast to the smoothness imposed
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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.
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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
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FIG. 1. Envelopes for the CSM (red) and the MM (black) for the correlation of the tidal polarizabilities ⇤
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and ⇤
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of the two
compact stars in GW170817. We show: panel (a) the results for n
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= n
sat

and no constraint on ⇤̃, panel (b) for n
tr

= n
sat

when additionally enforcing ⇤̃ < 800, and panel (c) for n
tr

= 2n
sat

and no constraint on ⇤̃. We also show the 90% (dashed lines)
and 50% (dotted lines) probability contours for the MM (black lines), the CSM (red lines), and compare to the corresponding
90% and 50% contours from the LV analysis (blue lines).

Low-density neutron matter is rather well determined
by ab initio approaches based on Hamiltonians con-
strained by NN scattering data. At very low density,
neutron matter is close to the unitary limit where the
large two-body scattering length dominates; here, mea-
surements of cold atomic gases [4, 5] validate the many-
body methods used in this work [6]. In addition, two- and
many-body interactions in neutron matter are simpler
than in systems containing also protons, and ab initio

many-body methods are well suited to describe this sys-
tem. As a result, predictions for the neutron-matter EOS
based on di↵erent many-body approaches are typically in
very good agreement. Among them, Chiral EFT [7–11] is
a systematic and successful theory of nuclear forces that
allows to determine theoretical uncertainty estimates. In
this work, we consider neutron-matter results of Ref. [3],
which were obtained using the chiral EFT Hamiltoni-
ans from Refs. [12, 13]. These Hamiltonians have been
tested in light- to medium-mass nuclei and in n-↵ scat-
tering with great success [13, 14]. They also agree with
experimental knowledge of the empirical parameters for
the symmetry energy [15, 16]. More importantly, since
EFT provides a well-defined prescription to estimate er-
rors, we base all our models on the neutron-matter EOS
up to a certain transition density, n

tr

, which we vary to
be n

sat

or 2n
sat

.

The EOS of neutron matter represented by the en-
ergy per particle and pressure determined from chiral
EFT [3] is shown as a function of the baryon density
n in Figs. 2(a) and (b) up to n

sat

and in Figs. 2(e) and
(f) up to 2n

sat

(vertical blue uncertainty bars). As men-
tioned earlier, for baryon number density density n > n

tr

we use two distinct approaches: in the MM the EOS is
assumed to be smooth and describable in terms of a den-
sity expansion about n

sat

. The model parameters, which
can in principle be measured in nuclear experiments, are

the so-called empirical parameters of nuclear matter: the
saturation energy E
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, the incompressibility of nuclear
matter K
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, the symmetry energy E
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, its slope pa-
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the isospin asymmetry. In Ref. [16] it was found that
by varying the empirical parameters within their known
or estimated uncertainties, the MM is able to reproduce
the EOSs predicted by a large class of existing nuclear
models — suggesting that the MM is a good representa-
tion of models which assume that a nuclear description
is valid for all densities encountered in NSs. Specifically,
our MM corresponds to the meta-model ELFc introduced
and applied to NS in Refs. [16, 17].
The second model (CSM), which we consider the max-

imal model for reasons that will become clear shortly,
constructs the EOS from a general parametrization of
the speed of sound,
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with the pressure p and the energy density ✏. The CSM
allows phase transitions that can produce drastic soften-
ing or sti↵ening, in contrast to the smoothness imposed
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GW170817: Measurements of neutron star radii and equation of state

The LIGO Scientific Collaboration and The Virgo Collaboration
( compiled 30 May 2018)

On August 17, 2017, the LIGO and Virgo observatories made the first direct detection of gravitational
waves from the coalescence of a neutron star binary system. The detection of this gravitational wave
signal, GW170817, offers a novel opportunity to directly probe the properties of matter at the extreme
conditions found in the interior of these stars. The initial, minimal-assumption analysis of the LIGO and
Virgo data placed constraints on the tidal effects of the coalescing bodies, which were then translated
to constraints on neutron star radii. Here, we expand upon previous analyses by working under the hy-
pothesis that both bodies were neutron stars that are described by the same equation of state and have
spins within the range observed in Galactic binary neutron stars. Our analysis employs two methods:
the use of equation-of-state-insensitive relations between various macroscopic properties of the neutron
stars and the use of an efficient parameterization of the defining function p(⇢) of the equation of state
itself. From the LIGO and Virgo data alone and the first method, we measure the two neutron star radii as
R1 = 10.8+2.0

�1.7 km for the heavier star and R2 = 10.7+2.1
�1.5 km for the lighter star at the 90% credible level.

If we additionally require that the equation of state supports neutron stars with masses larger than 1.97M�
as required from electromagnetic observations and employ the equation of state parametrization, we fur-
ther constrain R1 = 11.9+1.4

�1.4 km and R2 = 11.9+1.4
�1.4 km at the 90% credible level. Finally, we obtain

constraints on p(⇢) at supranuclear densities, with pressure at twice nuclear saturation density measured
at 3.5+2.7

�1.7 ⇥ 1034 dyn cm�2 at the 90% level.

INTRODUCTION

Since September 2015, the Advanced LIGO [1] and Ad-
vanced Virgo [2] observatories have opened a window on
the gravitational-wave (GW) Universe [3, 4]. A new type
of astrophysical source of GWs was detected on the 17th of
August 2017, when the GW signal emitted by a low-mass
coalescing compact binary was observed [5]. This obser-
vation coincided with the detection of a gamma ray burst,
GRB 170817A [6, 7], verifying that the source binary con-
tained matter, which was further corroborated by a series of
observations that followed across the electromagnetic spec-
trum, e.g. [8–12]. The measured masses of the bodies and
the variety of electromagnetic observations are consistent
with neutron stars (NSs).

Neutron stars are unique natural laboratories for study-
ing the behavior of cold, high-density nuclear matter. Such
behavior is governed by the equation of state (EOS), which
prescribes a relationship between pressure and density.
This determines the relation between NS mass and ra-
dius, as well as other macroscopic properties such as the
stellar moment of inertia and the tidal deformability (see
e.g. [13]). While terrestrial experiments are able to test and
constrain the EOS at densities below the saturation density
of nuclei ⇢nuc = 2.8 ⇥ 1014 g cm�3 (see e.g. [14–17] for
a review), currently they cannot probe the extreme condi-
tions in the core of NSs. Astrophysical measurements of
NS masses, radii, moments of inertia and tidal effects, on
the other hand, have the potential to offer information about
whether the EOS is soft or stiff and what the pressure is at
several times the nuclear saturation density [16, 18–20].

GWs offer another opportunity for such astrophysical
measurements to be performed, as the GW signal emitted
by merging NS binaries differs from that of two merging

black holes (BHs). The most prominent effect of matter
during the observed binary inspiral comes from the tidal
deformation that each star’s gravitational field induces on
its companion. This deformation enhances GW emission
and thus accelerates the decay of the quasi-circular inspi-
ral [21–23]. In the post-Newtonian (PN) expansion of the
inspiral dynamics [24–32], this effect causes the phase of
the GW signal to differ from that of a binary BH from the
fifth PN order onwards [21, 33, 34]. The leading-order con-
tribution is proportional to each star’s tidal deformability
parameter, ⇤ = (2/3)k2C�5, an EOS-sensitive quantity
that describes how much a star is deformed in the pres-
ence of a tidal field. Here k2 is the l = 2 relativistic
Love number [35–39], C ⌘ Gm/(c2R) is the compact-
ness, R is the areal radius, and m is the mass of the NS.
The deformation of each NS due to its own spin also mod-
ifies the waveform and depends on the EOS. This effect
enters the post-Newtonian expansion as a contribution to
the (lowest order) spin-spin term at the second order in the
GW phase [40, 41]. The EOS also affects the waveform
at merger, the merger outcome and its lifetime, as well as
the post-merger emission (see e.g. [42]). Finally, other stel-
lar modes can couple to the tidal field and affect the GW
signal [21, 43–45].

Among the various EOS-dependent effects, the tidal
deformation is the one most readily measurable with
GW170817. The spin-induced quadrupole has a larger ef-
fect on the orbital evolution for systems with large NS spin
[46–49] but is also largely degenerate with the mass ra-
tio and the NS spins, making it difficult to measure inde-
pendently [50]. The post-merger signal, while rich in con-
tent, is also difficult to observe, with current detector sen-
sitivities being limited due to photon shot noise [1] at the
high frequencies of interest. The merger and post-merger
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ior at high densities would be an indication of extra degrees
of freedom, though this is not an outcome of the GW data
alone. Indeed the horizontal lines denote the 90% intervals
for the central pressure of the two stars, suggesting that
our data are not informative for pressures above that. The
bend is an outcome of two competing effects: the GW data
point toward a lower pressure, while the requirement that
the EOS supports masses above 1.97M� demands a high
pressure at large densities. The result is a precise pres-
sure estimate at around 5⇢nuc and a broadening above that,
giving the impression of a bend in the pressure. We have
verified that the bend is absent if we remove the maximum
mass constraint from our analysis.
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FIG. 2. Marginalized posterior (blue) and prior (orange) for the
pressure p as a function of the rest-mass density ⇢ of the NS
interior using the spectral EOS parametrization and imposing a
lower limit on the maximum NS mass supported by the EOS
of 1.97M�. The dark (light) blue shaded region corresponds
to the 50% (90%) posterior credible level and the orange lines
show the 90% prior credible interval. Horizontal lines denote
the 90% credible interval for the central pressure of the heav-
ier (dashed) and the lighter (dotted) binary components. Verti-
cal lines correspond to once, twice, and six times the nuclear
saturation density. Overplotted in grey are representative EOS
models [121, 122, 124], using data taken from [19]; from top to
bottom at 2⇢nuc we show H4, APR4, and WFF1.

Finally we place constraints in the 2-dimensional param-
eter space of the NS mass and areal radius for each binary
component. This posterior is shown in Fig. 3. The left
panel is obtained by first using the ⇤a(⇤s, q) relation to ob-
tain tidal deformability samples assuming a common EOS
and then using the ⇤–C relation to compute the NS radii.
The right panel is computed by integrating the TOV equa-
tion to compute the radius for each sample in the spectral
EOS parametrization after imposing a maximum mass of at
least 1.97M�. At the 90% level, the radii of the two NSs
are R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km from the

left panel and R1 = 11.9+1.4
�1.4 km and R2 = 11.9+1.4

�1.4 km

from the right panel.
The difference between the two radii estimates is mainly

due to different physical information included in each anal-
ysis. The EOS-insensitive-relations analysis (left panel)
is based on GW data alone, while the parametrized-EOS
analysis (right panel) imposes an additional observational
constraint, namely that the EOS must support NSs of at
least 1.97M�. This has a large effect on the radii priors as
shown in the 1-dimensional plots of Fig. 3, since small radii
are typically predicted by soft EOSs, which cannot support
large NS masses. In the case of EOS-insensitive relations
(left panel), the prior allows for smaller values of the radius
than in the parametrized-EOS case (right panel), something
that is reflected in the posteriors since the GW data alone
cannot rule out radii below ⇠ 10 km. Therefore the lower
radius limit in the EOS-insensitive-relations analysis is de-
termined by the GW measurement, while in the case of the
parametrized-EOS analysis it is determined by the mass of
the heaviest observed pulsar and its implications for NS
radii [65]. Additionally, we verified that the parametrized-
EOS analysis without the maximum mass constraint leads
to similar results to the EOS-insensitive-relations analysis.

To quantify the improvement from assuming that both
NSs obey the same EOS, we apply the ⇤–C relation to
tidal deformability samples calculated without assuming
the ⇤a(⇤s, q) relation (the orange posterior of Fig. 1) and
obtain R1 = 11.8+2.7

�3.3 km and R2 = 10.8+2.9
�3.0 km at the

90% level. This suggests that imposing a common EOS
for the two binary components leads to a reduction of the
90% credible interval width for the radius measurement of
almost a factor of two from 5.9 km to 3.6 km.

DISCUSSION

In this letter, we complement our analysis of the tidal
effects of GW170817 in [52] with a targeted analysis that
assumes astrophysically plausible NS spins and tidal pa-
rameters, as well as the same EOS for both NSs. This
additional prior information enables us to measure NS
radii with an uncertainty less than 2.8 km if consistency
with observed pulsar masses is enforced, and 3.6 km us-
ing GW data alone at the 90% credible level. Simultane-
ously, the pressure at twice the nuclear saturation density
is measured to be p(2⇢nuc) = 3.5+2.7

�1.7 ⇥ 1034 dyn/cm2.
Our results are consistent with X-ray binary observations
(e.g. [19, 20, 126, 127]) and suggest that NS radii are
not large. Additionally, our results can be compared to
tidal inference based on the electromagnetic emission of
GW170817 [128, 129].

Our results are comparable and consistent with studies
that use the tidal measurement from [5] to obtain bounds
on NS radii. Using our bound of ⇤1.4 < 800 (the only
tidal parameter in [5], which assumed a common EOS
for both NSs) and different EOS parametrizations, several
studies found R1.4

<⇠ 13.5 km [56, 58, 62, 64]. Refer-
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in



dr
af

t

GW170817: Measurements of neutron star radii and equation of state

The LIGO Scientific Collaboration and The Virgo Collaboration
( compiled 30 May 2018)

On August 17, 2017, the LIGO and Virgo observatories made the first direct detection of gravitational
waves from the coalescence of a neutron star binary system. The detection of this gravitational wave
signal, GW170817, offers a novel opportunity to directly probe the properties of matter at the extreme
conditions found in the interior of these stars. The initial, minimal-assumption analysis of the LIGO and
Virgo data placed constraints on the tidal effects of the coalescing bodies, which were then translated
to constraints on neutron star radii. Here, we expand upon previous analyses by working under the hy-
pothesis that both bodies were neutron stars that are described by the same equation of state and have
spins within the range observed in Galactic binary neutron stars. Our analysis employs two methods:
the use of equation-of-state-insensitive relations between various macroscopic properties of the neutron
stars and the use of an efficient parameterization of the defining function p(⇢) of the equation of state
itself. From the LIGO and Virgo data alone and the first method, we measure the two neutron star radii as
R1 = 10.8+2.0

�1.7 km for the heavier star and R2 = 10.7+2.1
�1.5 km for the lighter star at the 90% credible level.

If we additionally require that the equation of state supports neutron stars with masses larger than 1.97M�
as required from electromagnetic observations and employ the equation of state parametrization, we fur-
ther constrain R1 = 11.9+1.4

�1.4 km and R2 = 11.9+1.4
�1.4 km at the 90% credible level. Finally, we obtain

constraints on p(⇢) at supranuclear densities, with pressure at twice nuclear saturation density measured
at 3.5+2.7

�1.7 ⇥ 1034 dyn cm�2 at the 90% level.

INTRODUCTION

Since September 2015, the Advanced LIGO [1] and Ad-
vanced Virgo [2] observatories have opened a window on
the gravitational-wave (GW) Universe [3, 4]. A new type
of astrophysical source of GWs was detected on the 17th of
August 2017, when the GW signal emitted by a low-mass
coalescing compact binary was observed [5]. This obser-
vation coincided with the detection of a gamma ray burst,
GRB 170817A [6, 7], verifying that the source binary con-
tained matter, which was further corroborated by a series of
observations that followed across the electromagnetic spec-
trum, e.g. [8–12]. The measured masses of the bodies and
the variety of electromagnetic observations are consistent
with neutron stars (NSs).

Neutron stars are unique natural laboratories for study-
ing the behavior of cold, high-density nuclear matter. Such
behavior is governed by the equation of state (EOS), which
prescribes a relationship between pressure and density.
This determines the relation between NS mass and ra-
dius, as well as other macroscopic properties such as the
stellar moment of inertia and the tidal deformability (see
e.g. [13]). While terrestrial experiments are able to test and
constrain the EOS at densities below the saturation density
of nuclei ⇢nuc = 2.8 ⇥ 1014 g cm�3 (see e.g. [14–17] for
a review), currently they cannot probe the extreme condi-
tions in the core of NSs. Astrophysical measurements of
NS masses, radii, moments of inertia and tidal effects, on
the other hand, have the potential to offer information about
whether the EOS is soft or stiff and what the pressure is at
several times the nuclear saturation density [16, 18–20].

GWs offer another opportunity for such astrophysical
measurements to be performed, as the GW signal emitted
by merging NS binaries differs from that of two merging

black holes (BHs). The most prominent effect of matter
during the observed binary inspiral comes from the tidal
deformation that each star’s gravitational field induces on
its companion. This deformation enhances GW emission
and thus accelerates the decay of the quasi-circular inspi-
ral [21–23]. In the post-Newtonian (PN) expansion of the
inspiral dynamics [24–32], this effect causes the phase of
the GW signal to differ from that of a binary BH from the
fifth PN order onwards [21, 33, 34]. The leading-order con-
tribution is proportional to each star’s tidal deformability
parameter, ⇤ = (2/3)k2C�5, an EOS-sensitive quantity
that describes how much a star is deformed in the pres-
ence of a tidal field. Here k2 is the l = 2 relativistic
Love number [35–39], C ⌘ Gm/(c2R) is the compact-
ness, R is the areal radius, and m is the mass of the NS.
The deformation of each NS due to its own spin also mod-
ifies the waveform and depends on the EOS. This effect
enters the post-Newtonian expansion as a contribution to
the (lowest order) spin-spin term at the second order in the
GW phase [40, 41]. The EOS also affects the waveform
at merger, the merger outcome and its lifetime, as well as
the post-merger emission (see e.g. [42]). Finally, other stel-
lar modes can couple to the tidal field and affect the GW
signal [21, 43–45].

Among the various EOS-dependent effects, the tidal
deformation is the one most readily measurable with
GW170817. The spin-induced quadrupole has a larger ef-
fect on the orbital evolution for systems with large NS spin
[46–49] but is also largely degenerate with the mass ra-
tio and the NS spins, making it difficult to measure inde-
pendently [50]. The post-merger signal, while rich in con-
tent, is also difficult to observe, with current detector sen-
sitivities being limited due to photon shot noise [1] at the
high frequencies of interest. The merger and post-merger
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ior at high densities would be an indication of extra degrees
of freedom, though this is not an outcome of the GW data
alone. Indeed the horizontal lines denote the 90% intervals
for the central pressure of the two stars, suggesting that
our data are not informative for pressures above that. The
bend is an outcome of two competing effects: the GW data
point toward a lower pressure, while the requirement that
the EOS supports masses above 1.97M� demands a high
pressure at large densities. The result is a precise pres-
sure estimate at around 5⇢nuc and a broadening above that,
giving the impression of a bend in the pressure. We have
verified that the bend is absent if we remove the maximum
mass constraint from our analysis.
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FIG. 2. Marginalized posterior (blue) and prior (orange) for the
pressure p as a function of the rest-mass density ⇢ of the NS
interior using the spectral EOS parametrization and imposing a
lower limit on the maximum NS mass supported by the EOS
of 1.97M�. The dark (light) blue shaded region corresponds
to the 50% (90%) posterior credible level and the orange lines
show the 90% prior credible interval. Horizontal lines denote
the 90% credible interval for the central pressure of the heav-
ier (dashed) and the lighter (dotted) binary components. Verti-
cal lines correspond to once, twice, and six times the nuclear
saturation density. Overplotted in grey are representative EOS
models [121, 122, 124], using data taken from [19]; from top to
bottom at 2⇢nuc we show H4, APR4, and WFF1.

Finally we place constraints in the 2-dimensional param-
eter space of the NS mass and areal radius for each binary
component. This posterior is shown in Fig. 3. The left
panel is obtained by first using the ⇤a(⇤s, q) relation to ob-
tain tidal deformability samples assuming a common EOS
and then using the ⇤–C relation to compute the NS radii.
The right panel is computed by integrating the TOV equa-
tion to compute the radius for each sample in the spectral
EOS parametrization after imposing a maximum mass of at
least 1.97M�. At the 90% level, the radii of the two NSs
are R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km from the

left panel and R1 = 11.9+1.4
�1.4 km and R2 = 11.9+1.4

�1.4 km

from the right panel.
The difference between the two radii estimates is mainly

due to different physical information included in each anal-
ysis. The EOS-insensitive-relations analysis (left panel)
is based on GW data alone, while the parametrized-EOS
analysis (right panel) imposes an additional observational
constraint, namely that the EOS must support NSs of at
least 1.97M�. This has a large effect on the radii priors as
shown in the 1-dimensional plots of Fig. 3, since small radii
are typically predicted by soft EOSs, which cannot support
large NS masses. In the case of EOS-insensitive relations
(left panel), the prior allows for smaller values of the radius
than in the parametrized-EOS case (right panel), something
that is reflected in the posteriors since the GW data alone
cannot rule out radii below ⇠ 10 km. Therefore the lower
radius limit in the EOS-insensitive-relations analysis is de-
termined by the GW measurement, while in the case of the
parametrized-EOS analysis it is determined by the mass of
the heaviest observed pulsar and its implications for NS
radii [65]. Additionally, we verified that the parametrized-
EOS analysis without the maximum mass constraint leads
to similar results to the EOS-insensitive-relations analysis.

To quantify the improvement from assuming that both
NSs obey the same EOS, we apply the ⇤–C relation to
tidal deformability samples calculated without assuming
the ⇤a(⇤s, q) relation (the orange posterior of Fig. 1) and
obtain R1 = 11.8+2.7

�3.3 km and R2 = 10.8+2.9
�3.0 km at the

90% level. This suggests that imposing a common EOS
for the two binary components leads to a reduction of the
90% credible interval width for the radius measurement of
almost a factor of two from 5.9 km to 3.6 km.

DISCUSSION

In this letter, we complement our analysis of the tidal
effects of GW170817 in [52] with a targeted analysis that
assumes astrophysically plausible NS spins and tidal pa-
rameters, as well as the same EOS for both NSs. This
additional prior information enables us to measure NS
radii with an uncertainty less than 2.8 km if consistency
with observed pulsar masses is enforced, and 3.6 km us-
ing GW data alone at the 90% credible level. Simultane-
ously, the pressure at twice the nuclear saturation density
is measured to be p(2⇢nuc) = 3.5+2.7

�1.7 ⇥ 1034 dyn/cm2.
Our results are consistent with X-ray binary observations
(e.g. [19, 20, 126, 127]) and suggest that NS radii are
not large. Additionally, our results can be compared to
tidal inference based on the electromagnetic emission of
GW170817 [128, 129].

Our results are comparable and consistent with studies
that use the tidal measurement from [5] to obtain bounds
on NS radii. Using our bound of ⇤1.4 < 800 (the only
tidal parameter in [5], which assumed a common EOS
for both NSs) and different EOS parametrizations, several
studies found R1.4

<⇠ 13.5 km [56, 58, 62, 64]. Refer-
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
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the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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GW170817: Measurements of neutron star radii and equation of state

The LIGO Scientific Collaboration and The Virgo Collaboration
( compiled 30 May 2018)

On August 17, 2017, the LIGO and Virgo observatories made the first direct detection of gravitational
waves from the coalescence of a neutron star binary system. The detection of this gravitational wave
signal, GW170817, offers a novel opportunity to directly probe the properties of matter at the extreme
conditions found in the interior of these stars. The initial, minimal-assumption analysis of the LIGO and
Virgo data placed constraints on the tidal effects of the coalescing bodies, which were then translated
to constraints on neutron star radii. Here, we expand upon previous analyses by working under the hy-
pothesis that both bodies were neutron stars that are described by the same equation of state and have
spins within the range observed in Galactic binary neutron stars. Our analysis employs two methods:
the use of equation-of-state-insensitive relations between various macroscopic properties of the neutron
stars and the use of an efficient parameterization of the defining function p(⇢) of the equation of state
itself. From the LIGO and Virgo data alone and the first method, we measure the two neutron star radii as
R1 = 10.8+2.0

�1.7 km for the heavier star and R2 = 10.7+2.1
�1.5 km for the lighter star at the 90% credible level.

If we additionally require that the equation of state supports neutron stars with masses larger than 1.97M�
as required from electromagnetic observations and employ the equation of state parametrization, we fur-
ther constrain R1 = 11.9+1.4

�1.4 km and R2 = 11.9+1.4
�1.4 km at the 90% credible level. Finally, we obtain

constraints on p(⇢) at supranuclear densities, with pressure at twice nuclear saturation density measured
at 3.5+2.7

�1.7 ⇥ 1034 dyn cm�2 at the 90% level.

INTRODUCTION

Since September 2015, the Advanced LIGO [1] and Ad-
vanced Virgo [2] observatories have opened a window on
the gravitational-wave (GW) Universe [3, 4]. A new type
of astrophysical source of GWs was detected on the 17th of
August 2017, when the GW signal emitted by a low-mass
coalescing compact binary was observed [5]. This obser-
vation coincided with the detection of a gamma ray burst,
GRB 170817A [6, 7], verifying that the source binary con-
tained matter, which was further corroborated by a series of
observations that followed across the electromagnetic spec-
trum, e.g. [8–12]. The measured masses of the bodies and
the variety of electromagnetic observations are consistent
with neutron stars (NSs).

Neutron stars are unique natural laboratories for study-
ing the behavior of cold, high-density nuclear matter. Such
behavior is governed by the equation of state (EOS), which
prescribes a relationship between pressure and density.
This determines the relation between NS mass and ra-
dius, as well as other macroscopic properties such as the
stellar moment of inertia and the tidal deformability (see
e.g. [13]). While terrestrial experiments are able to test and
constrain the EOS at densities below the saturation density
of nuclei ⇢nuc = 2.8 ⇥ 1014 g cm�3 (see e.g. [14–17] for
a review), currently they cannot probe the extreme condi-
tions in the core of NSs. Astrophysical measurements of
NS masses, radii, moments of inertia and tidal effects, on
the other hand, have the potential to offer information about
whether the EOS is soft or stiff and what the pressure is at
several times the nuclear saturation density [16, 18–20].

GWs offer another opportunity for such astrophysical
measurements to be performed, as the GW signal emitted
by merging NS binaries differs from that of two merging

black holes (BHs). The most prominent effect of matter
during the observed binary inspiral comes from the tidal
deformation that each star’s gravitational field induces on
its companion. This deformation enhances GW emission
and thus accelerates the decay of the quasi-circular inspi-
ral [21–23]. In the post-Newtonian (PN) expansion of the
inspiral dynamics [24–32], this effect causes the phase of
the GW signal to differ from that of a binary BH from the
fifth PN order onwards [21, 33, 34]. The leading-order con-
tribution is proportional to each star’s tidal deformability
parameter, ⇤ = (2/3)k2C�5, an EOS-sensitive quantity
that describes how much a star is deformed in the pres-
ence of a tidal field. Here k2 is the l = 2 relativistic
Love number [35–39], C ⌘ Gm/(c2R) is the compact-
ness, R is the areal radius, and m is the mass of the NS.
The deformation of each NS due to its own spin also mod-
ifies the waveform and depends on the EOS. This effect
enters the post-Newtonian expansion as a contribution to
the (lowest order) spin-spin term at the second order in the
GW phase [40, 41]. The EOS also affects the waveform
at merger, the merger outcome and its lifetime, as well as
the post-merger emission (see e.g. [42]). Finally, other stel-
lar modes can couple to the tidal field and affect the GW
signal [21, 43–45].

Among the various EOS-dependent effects, the tidal
deformation is the one most readily measurable with
GW170817. The spin-induced quadrupole has a larger ef-
fect on the orbital evolution for systems with large NS spin
[46–49] but is also largely degenerate with the mass ra-
tio and the NS spins, making it difficult to measure inde-
pendently [50]. The post-merger signal, while rich in con-
tent, is also difficult to observe, with current detector sen-
sitivities being limited due to photon shot noise [1] at the
high frequencies of interest. The merger and post-merger
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ior at high densities would be an indication of extra degrees
of freedom, though this is not an outcome of the GW data
alone. Indeed the horizontal lines denote the 90% intervals
for the central pressure of the two stars, suggesting that
our data are not informative for pressures above that. The
bend is an outcome of two competing effects: the GW data
point toward a lower pressure, while the requirement that
the EOS supports masses above 1.97M� demands a high
pressure at large densities. The result is a precise pres-
sure estimate at around 5⇢nuc and a broadening above that,
giving the impression of a bend in the pressure. We have
verified that the bend is absent if we remove the maximum
mass constraint from our analysis.
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FIG. 2. Marginalized posterior (blue) and prior (orange) for the
pressure p as a function of the rest-mass density ⇢ of the NS
interior using the spectral EOS parametrization and imposing a
lower limit on the maximum NS mass supported by the EOS
of 1.97M�. The dark (light) blue shaded region corresponds
to the 50% (90%) posterior credible level and the orange lines
show the 90% prior credible interval. Horizontal lines denote
the 90% credible interval for the central pressure of the heav-
ier (dashed) and the lighter (dotted) binary components. Verti-
cal lines correspond to once, twice, and six times the nuclear
saturation density. Overplotted in grey are representative EOS
models [121, 122, 124], using data taken from [19]; from top to
bottom at 2⇢nuc we show H4, APR4, and WFF1.

Finally we place constraints in the 2-dimensional param-
eter space of the NS mass and areal radius for each binary
component. This posterior is shown in Fig. 3. The left
panel is obtained by first using the ⇤a(⇤s, q) relation to ob-
tain tidal deformability samples assuming a common EOS
and then using the ⇤–C relation to compute the NS radii.
The right panel is computed by integrating the TOV equa-
tion to compute the radius for each sample in the spectral
EOS parametrization after imposing a maximum mass of at
least 1.97M�. At the 90% level, the radii of the two NSs
are R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km from the

left panel and R1 = 11.9+1.4
�1.4 km and R2 = 11.9+1.4

�1.4 km

from the right panel.
The difference between the two radii estimates is mainly

due to different physical information included in each anal-
ysis. The EOS-insensitive-relations analysis (left panel)
is based on GW data alone, while the parametrized-EOS
analysis (right panel) imposes an additional observational
constraint, namely that the EOS must support NSs of at
least 1.97M�. This has a large effect on the radii priors as
shown in the 1-dimensional plots of Fig. 3, since small radii
are typically predicted by soft EOSs, which cannot support
large NS masses. In the case of EOS-insensitive relations
(left panel), the prior allows for smaller values of the radius
than in the parametrized-EOS case (right panel), something
that is reflected in the posteriors since the GW data alone
cannot rule out radii below ⇠ 10 km. Therefore the lower
radius limit in the EOS-insensitive-relations analysis is de-
termined by the GW measurement, while in the case of the
parametrized-EOS analysis it is determined by the mass of
the heaviest observed pulsar and its implications for NS
radii [65]. Additionally, we verified that the parametrized-
EOS analysis without the maximum mass constraint leads
to similar results to the EOS-insensitive-relations analysis.

To quantify the improvement from assuming that both
NSs obey the same EOS, we apply the ⇤–C relation to
tidal deformability samples calculated without assuming
the ⇤a(⇤s, q) relation (the orange posterior of Fig. 1) and
obtain R1 = 11.8+2.7

�3.3 km and R2 = 10.8+2.9
�3.0 km at the

90% level. This suggests that imposing a common EOS
for the two binary components leads to a reduction of the
90% credible interval width for the radius measurement of
almost a factor of two from 5.9 km to 3.6 km.

DISCUSSION

In this letter, we complement our analysis of the tidal
effects of GW170817 in [52] with a targeted analysis that
assumes astrophysically plausible NS spins and tidal pa-
rameters, as well as the same EOS for both NSs. This
additional prior information enables us to measure NS
radii with an uncertainty less than 2.8 km if consistency
with observed pulsar masses is enforced, and 3.6 km us-
ing GW data alone at the 90% credible level. Simultane-
ously, the pressure at twice the nuclear saturation density
is measured to be p(2⇢nuc) = 3.5+2.7

�1.7 ⇥ 1034 dyn/cm2.
Our results are consistent with X-ray binary observations
(e.g. [19, 20, 126, 127]) and suggest that NS radii are
not large. Additionally, our results can be compared to
tidal inference based on the electromagnetic emission of
GW170817 [128, 129].

Our results are comparable and consistent with studies
that use the tidal measurement from [5] to obtain bounds
on NS radii. Using our bound of ⇤1.4 < 800 (the only
tidal parameter in [5], which assumed a common EOS
for both NSs) and different EOS parametrizations, several
studies found R1.4

<⇠ 13.5 km [56, 58, 62, 64]. Refer-
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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GW170817: Measurements of neutron star radii and equation of state

The LIGO Scientific Collaboration and The Virgo Collaboration
( compiled 30 May 2018)

On August 17, 2017, the LIGO and Virgo observatories made the first direct detection of gravitational
waves from the coalescence of a neutron star binary system. The detection of this gravitational wave
signal, GW170817, offers a novel opportunity to directly probe the properties of matter at the extreme
conditions found in the interior of these stars. The initial, minimal-assumption analysis of the LIGO and
Virgo data placed constraints on the tidal effects of the coalescing bodies, which were then translated
to constraints on neutron star radii. Here, we expand upon previous analyses by working under the hy-
pothesis that both bodies were neutron stars that are described by the same equation of state and have
spins within the range observed in Galactic binary neutron stars. Our analysis employs two methods:
the use of equation-of-state-insensitive relations between various macroscopic properties of the neutron
stars and the use of an efficient parameterization of the defining function p(⇢) of the equation of state
itself. From the LIGO and Virgo data alone and the first method, we measure the two neutron star radii as
R1 = 10.8+2.0

�1.7 km for the heavier star and R2 = 10.7+2.1
�1.5 km for the lighter star at the 90% credible level.

If we additionally require that the equation of state supports neutron stars with masses larger than 1.97M�
as required from electromagnetic observations and employ the equation of state parametrization, we fur-
ther constrain R1 = 11.9+1.4

�1.4 km and R2 = 11.9+1.4
�1.4 km at the 90% credible level. Finally, we obtain

constraints on p(⇢) at supranuclear densities, with pressure at twice nuclear saturation density measured
at 3.5+2.7

�1.7 ⇥ 1034 dyn cm�2 at the 90% level.

INTRODUCTION

Since September 2015, the Advanced LIGO [1] and Ad-
vanced Virgo [2] observatories have opened a window on
the gravitational-wave (GW) Universe [3, 4]. A new type
of astrophysical source of GWs was detected on the 17th of
August 2017, when the GW signal emitted by a low-mass
coalescing compact binary was observed [5]. This obser-
vation coincided with the detection of a gamma ray burst,
GRB 170817A [6, 7], verifying that the source binary con-
tained matter, which was further corroborated by a series of
observations that followed across the electromagnetic spec-
trum, e.g. [8–12]. The measured masses of the bodies and
the variety of electromagnetic observations are consistent
with neutron stars (NSs).

Neutron stars are unique natural laboratories for study-
ing the behavior of cold, high-density nuclear matter. Such
behavior is governed by the equation of state (EOS), which
prescribes a relationship between pressure and density.
This determines the relation between NS mass and ra-
dius, as well as other macroscopic properties such as the
stellar moment of inertia and the tidal deformability (see
e.g. [13]). While terrestrial experiments are able to test and
constrain the EOS at densities below the saturation density
of nuclei ⇢nuc = 2.8 ⇥ 1014 g cm�3 (see e.g. [14–17] for
a review), currently they cannot probe the extreme condi-
tions in the core of NSs. Astrophysical measurements of
NS masses, radii, moments of inertia and tidal effects, on
the other hand, have the potential to offer information about
whether the EOS is soft or stiff and what the pressure is at
several times the nuclear saturation density [16, 18–20].

GWs offer another opportunity for such astrophysical
measurements to be performed, as the GW signal emitted
by merging NS binaries differs from that of two merging

black holes (BHs). The most prominent effect of matter
during the observed binary inspiral comes from the tidal
deformation that each star’s gravitational field induces on
its companion. This deformation enhances GW emission
and thus accelerates the decay of the quasi-circular inspi-
ral [21–23]. In the post-Newtonian (PN) expansion of the
inspiral dynamics [24–32], this effect causes the phase of
the GW signal to differ from that of a binary BH from the
fifth PN order onwards [21, 33, 34]. The leading-order con-
tribution is proportional to each star’s tidal deformability
parameter, ⇤ = (2/3)k2C�5, an EOS-sensitive quantity
that describes how much a star is deformed in the pres-
ence of a tidal field. Here k2 is the l = 2 relativistic
Love number [35–39], C ⌘ Gm/(c2R) is the compact-
ness, R is the areal radius, and m is the mass of the NS.
The deformation of each NS due to its own spin also mod-
ifies the waveform and depends on the EOS. This effect
enters the post-Newtonian expansion as a contribution to
the (lowest order) spin-spin term at the second order in the
GW phase [40, 41]. The EOS also affects the waveform
at merger, the merger outcome and its lifetime, as well as
the post-merger emission (see e.g. [42]). Finally, other stel-
lar modes can couple to the tidal field and affect the GW
signal [21, 43–45].

Among the various EOS-dependent effects, the tidal
deformation is the one most readily measurable with
GW170817. The spin-induced quadrupole has a larger ef-
fect on the orbital evolution for systems with large NS spin
[46–49] but is also largely degenerate with the mass ra-
tio and the NS spins, making it difficult to measure inde-
pendently [50]. The post-merger signal, while rich in con-
tent, is also difficult to observe, with current detector sen-
sitivities being limited due to photon shot noise [1] at the
high frequencies of interest. The merger and post-merger
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ior at high densities would be an indication of extra degrees
of freedom, though this is not an outcome of the GW data
alone. Indeed the horizontal lines denote the 90% intervals
for the central pressure of the two stars, suggesting that
our data are not informative for pressures above that. The
bend is an outcome of two competing effects: the GW data
point toward a lower pressure, while the requirement that
the EOS supports masses above 1.97M� demands a high
pressure at large densities. The result is a precise pres-
sure estimate at around 5⇢nuc and a broadening above that,
giving the impression of a bend in the pressure. We have
verified that the bend is absent if we remove the maximum
mass constraint from our analysis.

1014 1015

� [g/cm3]

1032

1033

1034

1035

1036

1037

p
[d

yn
/c

m
2 ]

� n
u
c

2�
n
u
c

6�
n
u
c

FIG. 2. Marginalized posterior (blue) and prior (orange) for the
pressure p as a function of the rest-mass density ⇢ of the NS
interior using the spectral EOS parametrization and imposing a
lower limit on the maximum NS mass supported by the EOS
of 1.97M�. The dark (light) blue shaded region corresponds
to the 50% (90%) posterior credible level and the orange lines
show the 90% prior credible interval. Horizontal lines denote
the 90% credible interval for the central pressure of the heav-
ier (dashed) and the lighter (dotted) binary components. Verti-
cal lines correspond to once, twice, and six times the nuclear
saturation density. Overplotted in grey are representative EOS
models [121, 122, 124], using data taken from [19]; from top to
bottom at 2⇢nuc we show H4, APR4, and WFF1.

Finally we place constraints in the 2-dimensional param-
eter space of the NS mass and areal radius for each binary
component. This posterior is shown in Fig. 3. The left
panel is obtained by first using the ⇤a(⇤s, q) relation to ob-
tain tidal deformability samples assuming a common EOS
and then using the ⇤–C relation to compute the NS radii.
The right panel is computed by integrating the TOV equa-
tion to compute the radius for each sample in the spectral
EOS parametrization after imposing a maximum mass of at
least 1.97M�. At the 90% level, the radii of the two NSs
are R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km from the

left panel and R1 = 11.9+1.4
�1.4 km and R2 = 11.9+1.4

�1.4 km

from the right panel.
The difference between the two radii estimates is mainly

due to different physical information included in each anal-
ysis. The EOS-insensitive-relations analysis (left panel)
is based on GW data alone, while the parametrized-EOS
analysis (right panel) imposes an additional observational
constraint, namely that the EOS must support NSs of at
least 1.97M�. This has a large effect on the radii priors as
shown in the 1-dimensional plots of Fig. 3, since small radii
are typically predicted by soft EOSs, which cannot support
large NS masses. In the case of EOS-insensitive relations
(left panel), the prior allows for smaller values of the radius
than in the parametrized-EOS case (right panel), something
that is reflected in the posteriors since the GW data alone
cannot rule out radii below ⇠ 10 km. Therefore the lower
radius limit in the EOS-insensitive-relations analysis is de-
termined by the GW measurement, while in the case of the
parametrized-EOS analysis it is determined by the mass of
the heaviest observed pulsar and its implications for NS
radii [65]. Additionally, we verified that the parametrized-
EOS analysis without the maximum mass constraint leads
to similar results to the EOS-insensitive-relations analysis.

To quantify the improvement from assuming that both
NSs obey the same EOS, we apply the ⇤–C relation to
tidal deformability samples calculated without assuming
the ⇤a(⇤s, q) relation (the orange posterior of Fig. 1) and
obtain R1 = 11.8+2.7

�3.3 km and R2 = 10.8+2.9
�3.0 km at the

90% level. This suggests that imposing a common EOS
for the two binary components leads to a reduction of the
90% credible interval width for the radius measurement of
almost a factor of two from 5.9 km to 3.6 km.

DISCUSSION

In this letter, we complement our analysis of the tidal
effects of GW170817 in [52] with a targeted analysis that
assumes astrophysically plausible NS spins and tidal pa-
rameters, as well as the same EOS for both NSs. This
additional prior information enables us to measure NS
radii with an uncertainty less than 2.8 km if consistency
with observed pulsar masses is enforced, and 3.6 km us-
ing GW data alone at the 90% credible level. Simultane-
ously, the pressure at twice the nuclear saturation density
is measured to be p(2⇢nuc) = 3.5+2.7

�1.7 ⇥ 1034 dyn/cm2.
Our results are consistent with X-ray binary observations
(e.g. [19, 20, 126, 127]) and suggest that NS radii are
not large. Additionally, our results can be compared to
tidal inference based on the electromagnetic emission of
GW170817 [128, 129].

Our results are comparable and consistent with studies
that use the tidal measurement from [5] to obtain bounds
on NS radii. Using our bound of ⇤1.4 < 800 (the only
tidal parameter in [5], which assumed a common EOS
for both NSs) and different EOS parametrizations, several
studies found R1.4

<⇠ 13.5 km [56, 58, 62, 64]. Refer-
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120, and R1 = 10.8+2.0
�1.7 km and R2 = 10.7+2.1

�1.5 km
for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM

✏� = ✏
kin

+m�n� +
g2�
2m2

�

n2

� , (8)

where ✏
kin

is the kinetic energy of DM particles. For spin
1

2

fermionic DM

✏
kin

=
1

⇡2

Z pF�

0

p2 (
q
p2 +m2

� �m�) , (9)

where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏

kin

⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.

m� = 100 MeV and g�/m� = 5⇥ 10�1 MeV�1.

µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either

Strongly Interacting Dark Matter ?

Energy density:

Large enhancement of interactions when Compton wavelength of mediator is larger than the 
inter-particle distance.  
Coupling to baryon number can create (dark) charge separation in neutron stars.    
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM
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where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏

kin

⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.

m� = 100 MeV and g�/m� = 5⇥ 10�1 MeV�1.

µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM
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where ✏
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where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏

kin

⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.

m� = 100 MeV and g�/m� = 5⇥ 10�1 MeV�1.

µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM
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where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏

kin

⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.
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µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either
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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
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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 T
NS

' 30 � 50 MeV bremsstrahlung reactions
nn ! nn� and np ! np� produce � particles when
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scribed by our simple model are shown in Fig. 4. Here
we have fixed M� = 10�4 M� and varied the DM par-
ticle mass m� and e↵ective coupling strength g�/m� to
obtain the contours labeled by their dimensionless tidal
polarizability. In all cases we have used the APR EoS
to describe the underlying 1.4 M� neutron star. As ex-
pected from the discussion in section II, for fixed m�,
⇤ increases with increasing e↵ective coupling strength
g�/m�.

It is remarkable that models with light mediators are
severely constrained. For example, a model with m� =
100 MeV and m� = 1 eV, requires g� . 10�6. These
constraints should be especially useful since recent ob-
servations of strong absorption of the Lyman-↵ radiation
from some of the earliest stars corresponding to the 21-
centimeter transition of atomic hydrogen around redshift
20 [35] appears to favor light dark matter in the MeV-
GeV mass range and whose interactions (with baryons)
are due to the exchange of much lighter mediators [36].

The bound depends on the total mass M� and we find
the contour for ⇤ = 800 can be approximately fit by
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In Fig. 5 we show contours of fixed ⇤ for dark fermions

in the model parameter space defined by g�/m� versus
m�. For heavy fermions, where the contribution due
to the Fermi degeneracy pressure is small, the contours
of ⇤ are very similar to those obtained for bosons in
Fig. 4. However it is interesting to note that for light

FIG. 5. Contours of tidal deformability for 1.4 M� hybrid
star containing 10�4 M� of fermionic DM.

dark fermions, with m� . 30 MeV, ⇤ can be larger then
800 even in the absence of strong interactions or light
mediators. This is clearly seen in the behavior of the con-
tours for small values of m� when they plunge to smaller
values of the e↵ective coupling strength g�/m�.
With more detections of BNS and black hole-neutron

star mergers expected we anticipate that these limits on
the tidal polarizability will improve and provide stronger
constraints. There is also the tantalizing possibility that
as the detection sample grows, Ad. LIGO might detect a
larger than expected variability in the tidal polarizabil-
ity for neutron stars implicating that some are endowed
with dark halos. We have proposed a few mechanisms
by which DM can be either produced or accreted in ade-
quate quantities. These warrant further study to obtain
quantitative estimates for the amount of DM accumu-
lated and its dependence on the model parameters.
Finally, we note that in our study we have restricted

ourselves to dark halos whose radii are less than 150 km
to ensure that halos do not overlap during the early, yet
detectable, stage of the merger to ensure that the orbital
evolution can be described by the point particle + tidal
polarizability corrections formulation. Larger halos or
later times in the merger will experience a more complex
hydrodynamic evolution when the halos overlap. This
will require computer simulations to identify observable
signatures, and although this is beyond the scope of our
study we hope our results will motivate numerical rela-
tivists simulating neutron star mergers to include DM.
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• Dark clumps might seed star formation.    
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• Supernova can produce 10-2 Msolar of  < 100 MeV dark matter.

• Coupling to baryons allows for dark charge separation. 

• Dark matter could be clumpy. 

• Dark clumps might seed star formation.    

A large variability in the tidal polarizability of the merging neutron stars would be 
tantalizing evidence ! 



Neutrino Interactions in Dense Matter

3

The lepton tensor is

Lµ⌫ = Tr
⇥
(�6 p1 + m1)�

µ(1 � �5)(�6 p3 + m3)�
⌫(1 � �5)

⇤
, (7)

where qµ = pµ1 � pµ3 = pµ4 � pµ2 is the energy-momentum transfer from the leptons to the baryons. In our case since
particle 1 is a neutrino m1 ⇡ 0 and m3 = m

l

where m
l

is the final charged lepton, m
l

= m
e

for electrons and m
l

= m
µ

muons, in the final state. The upper sign is for neutrinos while the lower sign is for antineutrinos, due to their left
and right handed character. We use the standard Feynman slash notation, where a slash denotes contraction of a
four-vector with the gamma matrices.

Inspecting the kinematics of the leptons gives the allowed range of values for the energy and momentum transfer
to the nucleons for given four-momentum of particle 1,

q =
q

p21 + p23 � 2p1p3µ13 (8)

q0 = E1 � E3 , (9)

where µ13 is the cosine of the angle between the momentum vectors of particles one and three and p
i

is the magnitude
of the momentum of particle i. The maximum and minimum values of this expression shows that the allowed range
of momentum transfers to be |p1 � p3| < q < p1 + p3. When both particles one and three are massless, these relations
imply q2

µ

< 0 and |q0| < q < 2E1 � q0, but these constraints do not hold for charged current reactions in which the
final state lepton mass cannot be neglected.

The hadronic part of the matrix element is well known in the case of free nucleons, and including mean field
corrections in the nucleon spinors only slightly alters its structure. The necessary modifications to the spin-sums are
described in Appendix B. Then, the baryon contribution to the matrix element in the mean field approximation is
given by

⇤µ⌫ = Tr


(�6 p̃2 + M⇤

2 )

⇢
g
V

�µ � g
A

�µ�5 + F2
i�µ↵q̃

↵

2M
p

�
(�6 p̃4 + M⇤

4 )

⇢
g
V

�⌫ � g
A

�⌫�5 � F2
i�⌫↵q̃

↵

2M
p

��
. (10)

Here p̃µ2 = (E⇤
2 , ~p2), p̃µ4 = (E⇤

4 , ~p4), q̃µ = p̃µ4 � p̃µ2 , and E⇤
i

=
p

p2
i

+ (M⇤
i

)2. In the presence of background mean fields,
the nucleon energies E2 = E⇤

k

+ U2 and E4 = E⇤
k+q

+ U4, where U2 and U4 are mean field potentials for 2 and 4,
respectively. The e↵ective masses of the nucleons 2 and 4 in the medium are M⇤

2 and M⇤
4 .

We can now recast the absorption rate in Eq. 5 as

d�(E1)

dE3dµ13
=

G2
F

p3(1 � f3(E3)) L
µ⌫

Iµ⌫

32⇡2E1(1 � exp (�(q0 + �µ)/T ))
(11)

as in [20] where (1 � exp (�(q0 + �µ)/T ))�1 is the detailed balance factor for charged current reactions and �µ =
µ2 � µ4. The nuclear part is now factored and contained in the tensor

Iµ⌫ =

Z
d3p2

(2⇡)32E⇤
2

Z
d3p4

(2⇡)32E⇤
4
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R d3p2
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4E⇤
2E⇤

4

�(E2 � E4 � q0) ,

(12)

where E⇤
k+q

=
q

(~k + ~q)2 + (M⇤
4 )2 and in the second line we have employed the momentum space Dirac delta function.

Eq. 11 together with Eq. 12 can be used to calculate the charged current opacity. This would include corrections
due to mean field potentials, relativistic kinematics and weak magnetism. We calculate I

µ⌫

in detail in section II B,
but first we show that the same result can be found from linear response theory.

A. The Charged Current Polarization Tensor

The neutrino absorption rate in nuclear matter can be calculated using linear response theory because at leading
order in the weak interaction, the nucleonic and leptonic parts factorize. For the weak interaction Lagrangian in Eq. 1
linear response theory predicts [18, 30]

d�(E1)

dE3dµ13
=

G2
F

32⇡2

p3
E1

(1 � f3(E3))Lµ⌫

Sµ⌫(q0, q) , (13)
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tensor. The correct inclusion of these extra terms is likely to impact the response of the medium when correlations
are included through the RPA (see below). 3) They neglected weak magnetism corrections, which can be important
for predicting the di↵erence between electron neutrino and electron anti-neutrino spectra and nucleosynthesis in the
neutrino driven wind, as well as the deleptonization rates of protoneutron stars [29].

As a base line for future studies that would include correlations, we derive for the first time the charged current
absorption rates for electron neutrinos which include all of the following e↵ects: 1) di↵erent mean-field potential
energy shifts for neutrons and protons in neutron-rich matter; 2) relativistic contributions to the nucleon charged
currents; 3) weak magnetism; and 4) e↵ects due to the violation of the isospin symmetry, and consequently the lack of
conservation of the nucleon charged current in asymmetric matter [28]. We provide derivations of these results both
from the perspective of Fermi’s Golden Rule, and in the language of finite temperature quantum field theory. In the
neutral current limit, these expressions reduce to those given in [22]. A library for calculating neutrino interaction
rates based on this work is available at https://bitbucket.org/lroberts/nuopac.

The paper is structured as follows: In section II, we derive the general form of the charged current opacity from
Fermi’s Golden Rule. In section II A, we calculate the full charged current polarization tensor and show that its
imaginary part agrees with the Fermi’s Golden Rule results. We then present practical representations of the response
in section II B. We also discuss some approximations to the charged current absorption rate in section II C. In section
III, we present limiting forms of the rates and assess the impact of the new terms. Throughout, we set ~ = c = k

B

= 1
and use a metric with signature (+ � ��).

II. CHARGED CURRENT OPACITY

The charged current interaction at low energies is described by the Fermi weak interaction Lagrangian

L =
G

Fp
2
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is the nucleon charged current which includes the vector, axial vector, and weak magnetism contributions, characterized
by coupling strengths g

V

= 1, g
A

= 1.26, and F2 = 3.71, respectively, and M = (M
n

+ M
p

)/2 = 938.9 MeV and
M

p

, M
n

are the proton and neutron masses, respectively. Here, the currents are written using Dirac spinors  
i

, l and
⌫ and the � matrices are in the Dirac basis with �5 = i�0�1�2�3 and �µ⌫ = i(�µ�⌫ � �⌫�µ)/2. The cross-section for
the two-particle process, l1 + N2 ! l3 + N4, where l1 and l3 are the initial and final state leptons, and N2 and N4

are the initial and final state nucleons, respectively, can be calculated from Fermi’s Golden Rule. In the relativistic
formalism, the di↵erential cross-section for the process 1 + 2 ! 3 + 4 is given by
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D
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4

(1 � f3)(1 � f4) , (4)

is the Lorentz invariant phase which includes e↵ects due to Pauli blocking of the final states and h|M |2i is the square
of the matrix element – averaged over initial spin states and summed over the final spin states. The di↵erential
absorption rate for a neutrino with energy E1 in the medium where the density of the particle 2 is n2 is given by

d�(E1) = hn2 vrel d�i = 2
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(2⇡)3

f2 vrel d� , (5)

where f2 is the distribution of the particle 2 in the medium and the factor of 2 on the RHS accounts for its spin
degeneracy. The distribution functions f

i

are assumed to be Fermi-Dirac distributions characterized by chemical
potential µ

i

and temperature T . Using the standard decomposition of the square of weak matrix element for free
nucleons in terms of the lepton tensor and the baryon tensor, we find that
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imaginary part agrees with the Fermi’s Golden Rule results. We then present practical representations of the response
in section II B. We also discuss some approximations to the charged current absorption rate in section II C. In section
III, we present limiting forms of the rates and assess the impact of the new terms. Throughout, we set ~ = c = k

B

= 1
and use a metric with signature (+ � ��).

II. CHARGED CURRENT OPACITY

The charged current interaction at low energies is described by the Fermi weak interaction Lagrangian
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is the nucleon charged current which includes the vector, axial vector, and weak magnetism contributions, characterized
by coupling strengths g
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= 1, g
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= 1.26, and F2 = 3.71, respectively, and M = (M
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are the proton and neutron masses, respectively. Here, the currents are written using Dirac spinors  
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, l and
⌫ and the � matrices are in the Dirac basis with �5 = i�0�1�2�3 and �µ⌫ = i(�µ�⌫ � �⌫�µ)/2. The cross-section for
the two-particle process, l1 + N2 ! l3 + N4, where l1 and l3 are the initial and final state leptons, and N2 and N4

are the initial and final state nucleons, respectively, can be calculated from Fermi’s Golden Rule. In the relativistic
formalism, the di↵erential cross-section for the process 1 + 2 ! 3 + 4 is given by
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is the Lorentz invariant phase which includes e↵ects due to Pauli blocking of the final states and h|M |2i is the square
of the matrix element – averaged over initial spin states and summed over the final spin states. The di↵erential
absorption rate for a neutrino with energy E1 in the medium where the density of the particle 2 is n2 is given by
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where f2 is the distribution of the particle 2 in the medium and the factor of 2 on the RHS accounts for its spin
degeneracy. The distribution functions f

i

are assumed to be Fermi-Dirac distributions characterized by chemical
potential µ
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nucleons in terms of the lepton tensor and the baryon tensor, we find that
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where L
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is the lepton tensor defined earlier in Eq. 7,
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canonical partition function. The relationship in Eq. 14 between the correlation function and the dynamic structure
factor is often called the fluctuation-dissipation theorem [31, 32].

This correlation function encodes all of the complexities associated with interaction between nucleons in the plasma
and is in general di�cult to calculate. When nucleons are treated as non-interacting particles, the polarization tensor
can be calculated using the free single particle Greens functions. We use the imaginary time formalism [33], where
the free nucleon propagator at zero chemical potential is given by
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is a Fermionic Matsubara frequency. The extension to non-zero chemical potential is straightforward and
is obtained by the replacement i!
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+ µ (see [33] equation 5.70). The e↵ects due to a space-time independent
background mean field potential can also be similarly included since its contribution to the grand canonical Hamilto-
nian is proportional to
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where the �
a

represent di↵erent interaction vertices (i.e. C
V

�µ, etc.), i!
m

is a Bosonic Matsubara frequency, and
�µ = µ2 � µ4.
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difficult to calculate in general due to the non-perturbative nature 
of strong interactions.
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In hot and dense nuclear matter single-pair, multi-particle and collective modes all contribute to low 
energy response.  
• At small ω response is governed by hydrodynamic. 
• Single-pair response dominates for |ω𝜏coll| >1 and  |ω|< qv.
• Multi-particle response dominates for |ω| >  qv. 
• Collective modes arise due to repulsive interactions.
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Long-wavelength Response using the Virial EoS 

Assumes that scattering is nearly elastic to include all many-body correlations through the static 
structure factors.   
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Calculate the static structure factors using the 
compressibility or  thermodynamic sum rule    

This is an excellent approximation for the density response relevant to 
neutral current reactions in the neutrino sphere.    

The spin response and charged current reactions require some dynamical 
input.  
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e�cacy of the static structure factor’s use in computing neutrino scattering rates (as opposed to the dynamic
structure factor) later on. The asymptotic behavior at large values of the momentum transfer q of both the
density-density and spin-spin static structure factors approach the value of the density n, as OPE arguments
demand [20]. This convergence is demonstrated in Fig. 6 and is analytically demonstrated in the appendix.
At small values of the momentum transfer q, the static structure factors exhibit the same kind of enhancement
(for SV ) or suppression (for SA) as the dynamic structure factors, in line with previous observations [21].

SV (q0,q)

SA(q0,q)

Sfree(q0,q)

0.5 1.0 1.5 2.0

10000
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50000

S (MeV)2

FIG. 5: Here we demonstrate the dramatic e↵ect that neutron correlations have on the dynamic structure
factor. We plot three observables: the dynamic structure factor for density correlations SV with all
contributions up to O(z2) in blue, the dynamic structure factor for spin correlations SA with all

contributions up to O(z2) in brown, and for comparison we have in dotted grey the free gas density structure
factor to O(z). Here the momentum transfer is chosen to be q = 10 MeV and we chosen the bulk parameters

T = 5 MeV, z = 1/4 (corresponding to a density of n/nnuc = 9⇥ 10�3).

FIG. 6: Here we show the the static structure factor, computed to O(z2), for density (blue) and spin (brown)
at the representative temperature T = 5 MeV and fugacity z = 1/4 (corresponding to a density of

n/nnuc = 9⇥ 10�3). Both curves are normalized by the density computed to O(z2) and we plot against the
momentum scaled by the thermal momentum pth ⌘

p
6MT . Once again it is clear that at low momenta, the

density response is enhanced while the spin response is suppressed. The convergence of both static structure
factors to the density is non-trivial and is predicted by the operator product expansion.

ρ = 2� 1012 g/cm3
T = 5 MeV

Response functions in hot and (not so) dense neutron matter. 
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Conclusions 

Theory and experimental efforts to pin down the EOS between 1-2 n0 is important for 
neutron star structure and an area in which we can anticipate progress in the near term.  

A factor of 2 reduction in the error associated with the measured tidal polarizability is needed 
to provide specific input for dense matter physics. High values would be intriguing.     

Neutron stars can accrete, inherit, or create their own dark matter. Trace amounts of 
interacting asymmetric dark matter in the neutron star can enhance their tidal polarizability 
(Λ) to discernible values.  

Neutrino interactions in the decoupling region can be calculated rather well. Several open 
questions remain at higher density and temperature — should be revenant for calculations 
of the neutrino shear viscosity and weak interaction induced bulk viscosity.     


