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ABSTRACT

The combined detection of a binary neutron star merger in both gravitational

waves (GWs) and electromagnetic (EM) radiation spanning the entire spectrum –

GW170817/AT2017gfo/GRB170817A – marks a breakthrough in the field of multimessenger

astronomy. Between the plethora of modelling and observations, the rich synergy that exists

among the available data sets creates a unique opportunity to constrain the binary parameters,

the equation of state of supranuclear density matter, and the physical processes at work

during the kilonova and gamma-ray burst. We report, for the first time, Bayesian parameter

estimation combining information from GW170817, AT2017gfo, and GRB170817 to obtain

truly multimessenger constraints on the tidal deformability �̃ ∈ [302, 860], total binary mass

M ∈ [2.722, 2.751] M⊙, the radius of a 1.4 solar mass neutron star R ∈ [11.3, 13.5] km (with

additional 0.2 km systematic uncertainty), and an upper bound on the mass ratio of q ≤ 1.27,

all at 90 per cent confidence. Our joint novel analysis uses new phenomenological descriptions

of the dynamical ejecta, debris disc mass, and remnant black hole properties, all derived from

a large suite of numerical relativity simulations.

Key words: gravitational waves – methods: statistical.

1 IN T RO D U C T I O N

The combined detection of a gravitational wave (GW) event,

GW170817 (Abbott et al. 2017a), a gamma-ray burst (GRB) of

short duration, GRB170817A (Abbott et al. 2017c) accompanied

by a non-thermal afterglow, and thermal emission (kilonova) at

optical, near-infrared, and ultraviolet wavelengths, AT2017gfo (e.g.

Abbott et al. 2017b; Arcavi et al. 2017; Coulter et al. 2017;

Lipunov et al. 2017; Soares-Santos et al. 2017; Tanvir et al. 2017;

Valenti et al. 2017), from a binary neutron star (BNS) merger has

enabled major leaps forward in several research areas. The latter

includes new limits on the equation of state (EOS) of cold matter at

supranuclear densities (e.g. Margalit & Metzger 2017; Abbott et al.

2018; Coughlin et al. 2018; De et al. 2018; Radice et al. 2018b). One

of the main goals of the nascent field of ‘multimessenger astronomy’

is to obtain complementary observations of the same object or event.

These observations, potentially across a variety of wavelengths and

particle types, probe different aspects of the system. In the case of

GW170817, GW detectors such as LIGO and Virgo provide a highly

⋆ E-mail: mcoughli@caltech.edu

†NASA Einstein Fellow.

accurate measurement of the binary chirp massM = 1.186 M⊙, but

leave the mass ratio, q, poorly constrained.

A variety of studies over the last year focused on the properties of

this first detection of a BNS system, including detailed analyses of

the GW signal by the LVC (e.g. Abbott et al. 2017a, 2018, 2019a,b)

and external groups (e.g. Dai, Venumadhav & Zackay 2018; De

et al. 2018; Finstad et al. 2018), relying on different parameter

estimation techniques and a variety of GW models. Despite this

diversity of methods, all of the published works predict small

tidal deformabilities, favouring relatively soft EOSs and placing

upper limits on the radii of NSs. For this first BNS system the GW

analyses broadly agree, and studies indicate that systematic errors

are below the statistical errors (Abbott et al. 2019a; Dudi et al.

2018; Samajdar & Dietrich 2018). However, this might not be the

case for future GW observations with larger signal-to-noise ratios,

thus emphasizing the need for further improvements in the current

infrastructure and GW modelling.

Fortunately, deficiencies in the available GW information can

sometimes be supplemented with electromagnetic (EM) observa-

tions, potentially improving the measurements of key parameters.

For instance, the results of numerical relativity (NR) simulations

were used to argue against the EOS being too soft, as the mass of

the remnant accretion disc and its associated wind ejecta would be
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insufficient to account for the luminosity of the observed kilonova

(e.g. Bauswein et al. 2017; Coughlin et al. 2018; Radice et al.

2018a). Combining GW and EM observations thus provides an

opportunity to independently constrain the binary parameters, place

tighter bounds on the EOS, and obtain a better understanding of the

physical processes and outcomes of BNS mergers.

One of the first multimessenger constraints on the tidal de-

formability and supranuclear EOS was presented in Radice et al.

(2018b). Based on NR simulations, the authors proposed that the

tidal deformability needs to be �̃ ≥ 400 to ensure that a significant

fraction of matter was either ejected from the system or contained

within a debris disc around the BH remnant to explain the bright

EM counterpart. Recently, Radice & Dai (2019) updated this first

analysis and obtained constraints on the tidal deformability of

�̃ ∈ (323, 776) and on the corresponding radius of a 1.4 M⊙ neutron

star of 12.2+1.0
−0.8 ± 0.2 km, performing a multimessenger parameter

estimation incorporating information from the disc mass (Radice

et al. 2018c). Kiuchi et al. (2019) also show that the possibility of

higher mass ratio systems argues for an even lower bound, �̃ ≥ 242.

We note that this bound of �̃ ≥ 242 will be perfectly consistent

with the 90 per cent confidence interval that we will find in our

work considering that only 7 per cent of the data set of Kiuchi et al.

(2019) will not fall without our confidence interval.

To the best of our knowledge, Coughlin et al. (2018) presented

the first analysis of the light curves and spectra of AT2017gfo,

which linked a Bayesian analysis the kilonova properties to the

source properties of the binary. We used the kilonova model of

Kasen et al. (2017) combined with methods of Gaussian process

regression (GPR; Pürrer 2014; Doctor et al. 2017; Coughlin et al.

2018) and related a fraction of the ejected material to dynamical

ejecta. Based on the analysis, the tidal deformability was limited to

�̃ > 197.

In addition, there have been studies placing limits on the

maximum NS mass of a stable TOV star, MTOV. Those studies

are orthogonal to the works constraining the tidal deformability

since both quantities (�̃, MTOV) test different parts of the NS EOS.

Margalit & Metzger (2017) place a 90 per cent upper limit on the

mass of a non-rotating NS of 2.17 M⊙, Rezzolla, Most & Weih

(2018) report a maximum TOV mass of 2.160.17
0.15 M⊙, and Shibata

et al. (2017) provide an estimate for the maximum mass of 2.15–

2.25 M⊙. Recently, Shibata et al. (2019) revisited these constraints

and found that the mass might only be constrained within �2.3 M⊙.

All these constraints have been derived by assuming the formation of

a BH after the merger of GW170817 and incorporating the measured

chirp mass inferred from the GW analysis. Since our analysis was

performed before the most recent constraints became available, we

employ the maximum mass derived in Margalit & Metzger (2017);

we also note that our results are only weakly sensitive to this choice;

see the discussion below and the supplementary material for more

details.

While overall many analyses of GW170817 and its EM signa-

tures have been presented in the literature, we present here the

first combined information from all three channels: GW170817,

GRB170817A, and AT2017gfo. Our work uses more available

knowledge than employed in any previous multimessenger analyses.

In particular, our final posteriors describe the observed GW signa-

ture, the light-curve data of AT2017gfo, and explain the properties

of GRB170817A. The flowchart in Fig. 1 highlights the interplay

between the different observable signatures and presents the joint

posteriors obtained on the tidal deformability �̃, the binary mass

ratio q, and the maximum mass of a stable non-rotating neutron star

MTOV.

2 A NA LY SIS

2.1 GW170817

We begin by analysing GW170817 (blue shaded region of Fig. 1)

and use the publicly available ‘low spin’ posterior samples (http

s://dcc.ligo.org/LIGO-P1800370, Abbott et al. 2019b). As these

sample use the sky localization obtained from EM observations,

they already incorporate EM information. Under the assumption

that the merging objects are two NSs described by the same EOS (

Abbott et al. 2018; De et al. 2018), we can further restrict the

posterior distribution. For this purpose, we use the posterior samples

of Carson et al. (2019) where a same spectral EOS representation

for both stars is employed. Finally, we discard those systems with

viewing angles which are inconsistent with the ones obtained from

the GRB afterglow by Troja et al. (2019).

2.2 AT2017gfo

In the second phase of our work, we analyse the light curves of

AT2017gfo (red shaded region in Fig. 1). We fit the observational

data (Abbott et al. 2017b; Smartt et al. 2017; Coughlin et al.

2018) with the two-component radiative transfer model of Kasen

et al. (2017). The usage of multiple components, proposed prior

to the discovery of GW170817 (Metzger & Fernández 2014), is

motivated by different ejecta mechanisms contributing to the total

r-process yields of BNS mergers. The first type of mass ejection

are ‘dynamical ejecta’ generated during the merger process itself.

Dynamical ejecta are typically characterized by a low-electron

fraction when they are created by tidal torque, but the electron

fraction can extend to higher values (and thus the lanthanide

abundance be reduced) in the case of shock-driven ejecta. In

addition to dynamical ejecta, disc winds driven by neutrino energy,

magnetic fields, viscous evolution, and/or nuclear recombination

(e.g. Kohri, Narayan & Piran 2005; Surman, McLaughlin & Hix

2006; Metzger, Piro & Quataert 2008; Dessart et al. 2009; Perego

et al. 2014; Siegel, Ciolfi & Rezzolla 2014; Just et al. 2015) leads

to a large quantity of ejecta, which in many cases exceeds that of

the dynamical component. The ejecta components employed in our

kilonova light-curve analysis are related to these different physical

ejecta mechanisms: the first ejecta component is assumed to be

proportional to dynamical ejecta, mej,1 = α−1 mdyn, while the second

ejecta component arises from the disc wind and is assumed to be

proportional to the mass of the remnant disc, mej,2 = ζ mdisc. By

fitting the observed light curves with the kilonova models (Kasen

et al. 2017) within a GPR framework (Coughlin et al. 2018), we

obtain for each component posterior distributions for the ejecta

mass mej, the lanthanide mass fraction Xlan (related to the initial

electron fraction), and the ejecta velocity vej.

The values of mej, Xlan, and vej obtained from our kilonova

analysis are related to the properties of the binary and EOS

using new phenomenological fits to NR simulations, which we

briefly described below. First, we revisit the phenomenological fit

presented in Radice et al. (2018c) between the disc mass and tidal

deformability �̃ to correlate the disc mass, mdisc, to the properties

of the merging binary. Simulations following the merger aftermath

suggest that the disc mass is accumulated primarily through radial

redistribution of matter in the post-merger remnant. Thus, the

lifetime of the remnant prior to its collapse is related to its stability

and found to strongly correlate with the disc mass (Radice et al.

2018a). We find that the lifetime in turn is governed to a large

degree by the ratio of M/Mthr, where M is the total binary mass and
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Figure 1. Flowchart of the analysis showcasing the analysis of GW170817, AT2017gfo, and GRB170817A. At the bottom of the panel, we show KDE

posterior distributions of the tidal deformability (left-hand panel) and the mass ratio (right-hand panel). The final multimessenger result is shown as a shaded

region, where the 90 per cent confidence interval is shaded darker. For the mass ratio, we assume a 90 per cent upper limit and for the tidal deformability we

mark the 5th and 95th percentiles.

Mthr is the threshold mass (Bauswein, Baumgarte & Janka 2013)

above which the merger results in prompt (dynamical time-scale)

collapse to a black hole, which depends on the NS compactness and

thus �̃. Therefore, M/Mthr, rather than �̃ alone, provides a better

measure of the stability of the post-merger remnant, and following

the arguments above is expected to correlate with mdisc.

Fig. 2 shows, based on the suite of NR simulations of Radice

et al. (2018c), that there indeed exists a relatively tight correlation

between the accretion disc mass and M/Mthr. For our analysis, we

will use

log10 (mdisc [Mtot/Mthr])

= max

(

−3, a

(

1 + b tanh

[

c − Mtot/Mthr

d

]))

, (1)

with Mthr(MTOV, R1.6M⊙
) as discussed in Bauswein et al. (2013) and

the supplementary material, to describe the disc mass. The fitting

parameters of equation (1) are a = −31.335, b = −0.9760, c =

1.0474, d = 0.05957.

Connecting the NS radius to the chirp mass and tidal deformabil-

ity, R = M(�̃/a)1/6 (De et al. 2018), we conclude that the disc

mass (and thus the disc wind ejecta) is a function of the tidal

deformability, total binary mass, and the maximum TOV mass,

MTOV. Therefore, both information, those on the densest portion of

the EOS, which controls MTOV, and those from lower densities, as

encoded in �̃ or R1.6 M⊙, play a role in controlling the disc mass and

kilonova properties. The inclusion of these parameters and slight

changes in the functional form of the phenomenological relation

decrease the average fractional errors by more than a factor of three

relative to previous disc mass estimates based on �̃ alone (Radice

et al. 2018a), thus reducing uncertainties and errors on the EOS

constraints obtained from kilonova observations.

Another key ingredient in our analysis is the role of the dynamical

ejecta as the first kilonova ejecta component. Based on a suite of

MNRASL 489, L91–L96 (2019)
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Figure 2. Disc masses as a function of the ratio between the total mass

and the threshold mass for prompt BH formation. The disc mass estimates

are obtained from the NR simulations presented in Radice et al. (2018c).

The error bars refer to (0.5mdisc + 5 × 10−4 M⊙) as stated in the original

work of Radice et al. (2018c). The threshold mass for prompt BH formation

is computed following Bauswein et al. (2013). We present our best fit,

equation (1), in the top panel and show the absolute and fractional errors of

the phenomenological fit in the middle and bottom panel. We compare our

results with the original version of the fit presented in Radice et al. (2018c).

NR simulations obtained by different groups and codes, Dietrich &

Ujevic (2017) derived the first phenomenological fit for the dynam-

ical ejecta for BNS systems. This fit (in its original or upgraded

version) has been employed in a number of studies, including the

analysis of GW170817 (Abbott et al. 2017d; Coughlin et al. 2018),

and they have been updated in Coughlin et al. (2018) and Radice

et al. (2018c). Here, we present a further upgrade which incorporates

the new NR data set of Radice et al. (2018c) and uses the fitting

function of Coughlin et al. (2018) (which fits log10mdyn instead of

mdyn). The extended data set contains a total of 259 NR simulations.

The final fitting function is

log10 mfit
dyn =

[

a
(1 − 2 C1)M1

C1

+ b M2

(

M1

M2

)n

+
d

2

]

+ [1 ↔ 2], (2)

with a = −0.0719, b = 0.2116, d = −2.42, and n = −2.905 and C1,2

denoting the compactnesses of the individual stars, a more detailed

discussion can be found in the supplementary material.

A final ingredient in relating observational data to the binary

parameters are phenomenological fits for the BH mass and spin.

One finds that with an increasing total mass M, the final black hole

mass and angular momentum increase almost linearly. For unequal

mass mergers, MBH and χBH decrease with M. Considering the

imprint of the EOS, we find that for larger values of �̃, the final

black hole mass decreases, which follows from the observation that

the disc mass increases with �̃. We finally obtain:

MBH = a
( ν

0.25

)2
(

M + b
�̃

400

)

(3)

with a = 0.980 and b = −0.093 and

χBH = tanh
[

aν2(M + b �̃) + c
]

(4)

with a = 0.537, b = −0.185, and c = −0.514; further details are

given in the supplementary material.

In addition to using these fits, we use the results of Margalit &

Metzger (2017), who derive a 90 per cent upper limit on the mass

of a non-rotating NS of 2.17 M⊙ based on energetic considera-

tions from the GRB and kilonova which rule out a long-lived

supramassive NS remnant, to place a prior on MTOV between 2

and 2.17 M⊙. Combining these phenomenological relations with

the light-curve data, our analysis strongly favours equal or nearly

equal-mass systems and �̃ ≥ 400 (see supplementary material). We

conclude that roughly 20 per cent of the first ejecta component is

associated with dynamical ejecta, while about 20 per cent of the

disc mass must be ejected in winds to account for the second ejecta

component. The latter agrees with the results of long-term general

relativistic magnetohydrodynamical simulations of the post-merger

accretion disc (e.g. Siegel & Metzger 2017). If we do not enforce

constraints on MTOV, we obtain similar constraints in the binary

parameters but with allowed values MTOV = 2.28+0.34
−0.33 M⊙. This is

broadly consistent with the results presented in Margalit & Metzger

(2017); Rezzolla, Most & Weih (2018); Ruiz, Shapiro & Tsokaros

(2018); Shibata et al. (2019) and provides a new and independent

measurement of the maximum TOV mass, which will become more

accurate with future multimessenger events. Full posteriors for the

analysis without enforced constraints on MTOV can be found in the

supplementary material.

2.3 GRB170817A

Our third and final result uses Bayesian parameter estimation of

GRB170817A directly (green shaded region in Fig. 1). We assume

that the GRB jet is powered by the accretion of matter from the

debris disc on to the BH (Eichler et al. 1989; Paczynski 1991;

Meszaros & Rees 1992; Narayan, Paczynski & Piran 1992) and

that the jet energy is proportional to the disc mass. Accounting for

the loss of disc mass to winds, we connect our estimates of the disc

wind ejecta from the analysis of AT2017gfo to the following GRB

parameter estimation analysis. In order to assess the robustness of

our conclusions, and to evaluate potential systematic uncertainties,

we show results for three different fits to the GRB afterglow: Troja

et al. (2019), Wu & MacFadyen (2018), and Wang et al. (2019).

While the analyses of Troja et al. (2019) and Wu & MacFadyen

(2018) differ on the energy of the GRB, the use of either one

further constrains the value of �̃ and the binary mass ratio, shifting

both to slightly higher values than obtained through the analysis of

AT2017gfo alone.

3 MULTI MESSENGER CONSTRAI NTS

To obtain the final constraints on the EOS and binary prop-

erties, we combine the posteriors obtained from GW170817

and AT2017gfo+GRB170817A. The analysis of AT2017gfo and

GRB170817A are highly correlated, as both use the same phe-

nomenological description for the disc mass and the AT2017gfo

posteriors are employed as priors for the GRB analysis. However,

we assume the parameter estimation results from the GW and EM

analysis for �̃ and q are independent from one another. Thus, the

final multimessenger probability density function is given by:

PMMA = PGW170817 × PAT2017gfo+GRB10817A. (5)

MNRASL 489, L91–L96 (2019)
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Table 1. Final multimessenger constraints on the EOS

and the binary properties of GW170817. The radius

constraint has to be assigned with an additional 0.2 km

uncertainty due to the employed quasi-universal relations

of De et al. (2018).

Parameter

90 per cent confidence

interval

M [2.722, 2.751] M⊙

q [1.00, 1.27]

�̃ [302, 860]

R [11.1, 13.7] km

In principle, there are also contributions from the priors in PMMA,

but because they are flat over the bounds considered, it is valid.

We summarize our constraints on the binary parameters and EOS

in Table 1. The final constraints on the tidal deformability and

the mass ratio are shown at the bottom of Fig. 1, where we use

the GRB model of Troja et al. (2019) (similar constraints are

obtained with the other GRB models). According to our analysis,

the 90 per cent confidence interval for the tidal deformability is

�̃ ∈ (302, 860). The distribution has its 50 per cent percentile at

�̃ ∼ 569. Relating the measured �̃ confidence interval to the NS

radius (De et al. 2018), we obtain a constraint on the NS radius

of R ∈ (11.3, 13.5) km [with a ±0.2 km uncertainty of the quasi-

universal relation (De et al. 2018; Radice & Dai 2019) connecting �̃

and R]. This result is in good agreement with that recently obtained

by the multimessenger analysis presented in Radice & Dai (2019).

Considering the constraint on the mass ratio, we find that q ≤ 1.27

at 90 per cent confidence. Combining this with the measured chirp

mass, the total binary mass M = M

(

(1+q)2

q

)3/5

lies in the range

M ∈ [2.722, 2.751] M⊙. The radius constraint, together with the

constraint on the maximum TOV-mass, can be used to rule out or

favour a number of proposed NS EOSs, as illustrated in Fig. 3.

We note that there are a number of potential systematic un-

certainties in the presented analysis, which we, however, tried to

incorporate and minimize. In general, we have assumed that the

kilonova and GRB models are sufficient to generate quantitative

conclusions. To be robust against uncertainties, we have employed

large systematic error bars for the kilonova analysis as described

in Coughlin et al. (2018). In addition, the merger simulations

and thereby the determination of ejecta and disc masses may

still have large uncertainties because of limited resolution and

missing physics, see e.g. Kiuchi et al. (2019). These uncertainties

and the specific simulations used can quantitatively change the

results; for example Kiuchi et al. (2019) showed, using a different

simulation set, that the possibility that GW170817 was a relatively

high mass ratio system argues for an even lower bound, �̃ ≥ 242,

than presented here. The α and ξ variables encode some of the

uncertainty associated with this fact, as they just assume that the

simulations are broadly correct up to a scale factor, but they will

be incapable of encoding large changes in this result in the case of

non-linear effects. In addition, while the employed GRB models are

relatively simplistic, we have included three different GRB analyses,

showing that they, in general, produce consistent results.
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