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GW170817 Masses and Spin

From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01# 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].

Since the energy emitted in gravitational waves depends
critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.
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Matter effects  
on inspiral
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Tidal deformability of neutron stars with realistic equations of state

Various methods are being developed to study the e�ect of tidal deformation with di�erent EOS on
the late inspiral of binary neturon stars. These include perturbative tidal deformability calculations,
quasiequilibrium sequences, and full GR. Here are some preliminary comparisons of perturbative
results with published results using numerical and quasiequilibrium.

A. Perturbative method

The first order contribution to the binding energy from a PN perspective is calculated via a linear axisymmetric
⇧ = 2 perturbation around the axis connecting two stars, due to leading order tidal field contributions from the other
star. This gives a tidal deformation as a function of PN parameter x � m/r (m total mass, r orbital radius). In
the linear approximation, this is characterized for each neutron star mass M by a single EOS-dependent parameter
� � k2R5 with k2 the ⇧ = 2 apsidal constant and R the neutron star radius. The contribution to the binding energy,
luminosity, and phase evolution can be calculated by adding this contribution to a given PN order formulation.
Formally of order x5 � m5/r5, the tidal contribution coe⇤cient is � R5/m5, which leads to an overal scaling � R5/r5

which becomes significant as orbital radius approaches neutron star radius.
One can calculate the parameter � for arbitray equations of state. In particular, we can estimate first order

corrections to binding energy and gravitational wave phase evolution for the EOS used in the numerical simulation of
arXiv:0901.3258. This would be a formal, and possibly in the extreme radius case (EOS 2H) a practical, improvement
over the assumption of point particle inspiral before the gravitational waveform.

Fig 1 shows some preliminary waveform results, taking the � calculated from the perturbative method for the EOS
used in arXiv:0901.3258, and continuing the waveform through to where x⇥⇤.

⇥30 ⇥25 ⇥20 ⇥15 ⇥10 ⇥5 0
⇥0.2

⇥0.1

0.0

0.1

0.2

t �ms⇥

h �
D
⇤M

FIG. 1: EOS 2H is green, H is cyan, HB is blue, B is purple, and 2B is red. Black is PP. Waveforms started with same phase
at x = 0.05, f = 268Hz

With this new understanding of the PN waveforms with tidal contributions, it may be useful to revisit some of the
analysis involving varied EOS and numerical simulation.

B. Was the PP approximation for early inspiral in arXiv:0901.3258 justified?

The PN plus perturbative tidal calculation, compared to the plots of arXiv:0901.3258 in Fig. 2, indicates that for
waveforms H to 2B, the assumption of point-particle evolution was reasonable; the first order tidal phase correction
is small compared to the point-particle waveform at the start of the numerical inspirals and through to the point
where numerical simulations depart significantly. Incorporating this early e�ect into a NRDA analysis might increase
distinguishability, but probably not significantly.

However, the largest-radius 2H waveform is estimated to be already dephased from the point-particle inspiral at
the start of the numerical simulations - this early PN-regime departure would have a significant contribution for such
large-radius neutron stars.

C. Is the perturbative binding energy compatible with quasiequilibrium binding energy?

Analysis of error in the approximation used suggests that one of the largest sources of error comes from higher order
tidal perturbation results. This includes higher-order harmonics, such as ⇧ = 3 deformation and above, where pertur-
bative calculations of such higher order deformations are possible [Mora and Will, Binnington and Poisson, Damour

extreme radius like 2H disfavored by GW170817

Flanagan and Hinderer 2008
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Dense matter in GW170817

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

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

V. IMPLICATIONS

A. Astrophysical rate

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

−1220 Gpc−3 yr−1. Our findings are

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

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

B. Remnant

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

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

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

161101-7

~15 km~14 km

~12 km~11 km

TaylorF2 model, 
low-spin prior 

Independent 
deformabilities 
(no assumption 
that both are NS 
w/same EOS) 

In progress: 
waveform 
systematics, 
direct EOS 
constraint 

LSC/Virgo PRL 119, 161101 (2017)

Equa
l d

efo
rm

ab
ility




(eq
ua

l m
as

s) 
EOS predictions 
(from measured 

masses)

GW170817 
estimate

deformability of larger star

de
fo

rm
ab

ili
ty

 o
f s

m
al

le
r s

ta
r



Future possibilities for EOS/NS radius

Lackey & Wade 2014 arxiv:1410.8866

• 95% regions 

• 40 events (~ 1 yr) 

• Advanced LIGO design 

• Direct EOS constraint;  

• implications for radius
Radius (km)

M
as

 (s
ol

ar
 m

as
se

s)

M
S1

H
4

M
PA

1

SL
yPR

IO
R



Gravitational-wave spectrum
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GW170817-like inspiral

Above 500Hz: simulation data Tim Dietrich (AEI/FSU/BAM Collaboration) 
Phys. Rev. D95(12):124006 and Phys. Rev. D95(2):024029.

170817-like noise 

Advanced LIGO Design sensitivity

post- 
merger


