aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Distinguishing the nature of comparable-mass neutron star
binary systems with multimessenger observations:
GW170817 case study
Tanja Hinderer, Samaya Nissanke, Francois Foucart, Kenta Hotokezaka, Trevor Vincent,
Mansi Kasliwal, Patricia Schmidt, Andrew R. Williamson, David A. Nichols, Matthew D.
Duez, Lawrence E. Kidder, Harald P. Pfeiffer, and Mark A. Scheel
Phys. Rev. D 100, 063021 — Published 30 September 2019
DOI: 10.1103/PhysRevD.100.063021


http://dx.doi.org/10.1103/PhysRevD.100.063021

A new method for jointly interpreting multimessenger observations of neutron star - black hole
binaries: GW170817 case study

Tanja Hinderer,"%3 Samaya Nissanke,"* 3 Francois Foucart,” Kenta Hotokezaka,® Trevor
Vincent,” Mansi Kasliwal,® Patricia Schmidt,> Andrew R. Williamson,! 3 David A. Nichols,?
Matthew D. Duez,’ Lawrence E. Kidder,!? Harald P. Pfeiffer,!’:” and Mark A. Scheel'?

YGRAPPA, Anton Pannekoek Institute for Astronomy and Institute of High-Energy Physics,
University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
2Delta Institute for Theoretical Physics, Science Park 904, 1090 GL Amsterdam, The Netherlands
3Department of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
4Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands
SDepartment of Physics, University of New Hampshire, 9 Library Way, Durham NH 03824, USA
SDepartment of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
"Canadian Institute for Theoretical Astrophysics, University of Toronto, Toronto, Ontario M5S 3HS, Canada
8 Astronomy Department, California Institute of Technology, Pasadena, CA 91125
Department of Physics & Astronomy, Washington State University, Pullman, Washington 99164, USA
0 Cornell Center Jfor Astrophysics and Planetary Science, Cornell University, Ithaca, New York, 14853, USA
" Max-Planck-Institut fiir Gravitationsphysik, Albert-Einstein-Institut, D-14476 Golm, Germany
2TAPIR, Walter Burke Institute for Theoretical Physics, MC 350-17, California Institute of Technology, Pasadena, California 91125, USA

The discovery of GW170817 with gravitational waves (GWs) and electromagnetic (EM) radiation is prompt-
ing new questions in strong-gravity astrophysics. Importantly, it remains unknown whether the progenitor of
the merger comprised two neutron stars (NSs), or a NS and a black hole (BH). Using new numerical-relativity
simulations and incorporating modeling uncertainties we produce novel GW and EM observables for NS-BH
mergers with similar masses. A joint analysis of GW and EM measurements reveals that if GW170817 is a NS-
BH merger, < 40% of the binary parameters consistent with the GW data are compatible with EM observations.

Introduction. The recent gravitational-wave (GW) and
electromagnetic (EM) measurements of GW170817 [2-6], a
neutron-star (N'S) binary merger, have enabled critical insights
into gravity, high-energy astrophysics, nuclear physics, and
cosmology. Notably however, measurements so far have not
conclusively shown that the progenitor binary comprised two
NSs. From only GW observations, the individual objects’
masses are consistent with current estimates of NS masses [7].
Furthermore, under the restrictive assumption of small spins,
signatures from tidal effects suggest that (at least one of) the
compact objects had finite size [7-9]. From EM measure-
ments alone, the discovery of a kilonova, an optical-infrared
transient powered by rapid neutron-capture nucleosynthesis
(e.g., [10-15]), indicates that the merger involved at least one
NS [1, 16-27]. Thus, an important open question is whether
the progenitor binary was a NS-NS or a NS with an exotic
compact object or black hole (BH) companion of compara-
ble mass. A major limitation in answering the latter question
has been the absence of predicted GW and EM observables
for similar mass NS-BH systems. While such low-mass BHs
are not expected from standard astrophysical channels, they
could in principle form from primordial fluctuations in the
early Universe [28]; alternatively, they could be exotic objects
(see, e.g., [29]).

To address this question, this paper presents the first direct
comparison between the GW and EM signatures of NS-NS
and NS-BH mergers with identical mass ratios (see [30] for
an initial exploration). First, using new numerical relativity
(NR) simulations of nonspinning NS-NS and NS-BH merg-
ers with an identical composition-dependent NS equation-of-

state (EoS) as our benchmark, we provide GW and EM ob-
servables (GW phase evolution and EM kilonova bolometric
lightcurves) for mergers with mass ratios @) of 1 and 1.2. In-
corporating the large uncertainties in modeling as well as in
the EoS of NS matter, we show that current EM-only observa-
tions of GW170817 rule out an equal-mass nonspinning NS-
BH merger for most realistic EoSs. We cannot, however, rule
out a NS-BH merger with () = 1.2. Second, we use the model
for the remnant mass of NS-BH mergers of Ref. [31], which is
valid for a wide range of EoSs, mass ratios, and BH spins, to
develop a general method for jointly interpreting GW and EM
measurements. Third, we demonstrate that for GW170817
our joint analysis leads to significantly improved constraints
on the nature of the progenitor and enables us to compute, for
the first time, the posterior probability distribution of NS radii
and mass ratio compatible with these constraints. Our meth-
ods are orthogonal to studies that assume a NS-NS progenitor
and focus on the nature of the remnant [32-37]. For NS-NS
mergers this may be either a stable or metastable NS or a BH
surrounded by an accretion disk, while for NS-BH binaries
can only be a BH.

Numerical-relativity simulations. We analyze four new
NR simulations of NS-NS and NS-BH mergers with masses
1.2Mg +1.44Mg and 1.44 M + 1.44 M, with the BH hav-
ing the larger mass for NS-BH, and the tabulated composition-
and temperature-dependent ‘DD2’ EoS [38] for the NS matter,
giving a radius R = 13km for a 1.4M, star. All systems are
nonspinning and have low eccentricity (¢ < 1073%). Simula-
tions are performed using the general-relativistic radiation hy-
drodynamics code SpEC [39—41], with a two-moment approx-
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FIG. 1. One-to-one comparison of NS-NS and NS-BH with QQ = 1.2
and the DD2 EoS. Upper panels: Matter density (cgs units) and com-
position (electron fraction Y. ), 3ms after merger for our NS-NS (left)
and NS-BH (right) simulations. For NS-BH, low-density, high-Y,
polar regions are not resolved numerically. Lower panels: Kilonova
bolometric lightcurves (blue), including results for our Q = 1 simu-
lations (red), and observational data for GW 170817 from [1]. Shaded
regions indicate the large uncertainties in the modelling. We assume
a total ejecta mass of 10-50% Myer, measured in the simulations and
the dynamical ejecta, and a ~ 0 — 90% fraction of the blue compo-
nent, to conservatively account for uncertainties in the composition
of post-merger outflows (see text).

imate neutrino transport algorithm [42, 43]. For the Q = 1.2
systems we extract the GWs, and for all simulations we mea-
sure the mass, composition, and velocity of the matter out-
flows during the merger and M,¢p,, the post-merger remnant
mass excluding the final compact object. Figure 1 (top panels)
shows the merger outcomes: matter surrounding a hypermas-
sive NS (BH) for the NS-NS (NS-BH) systems respectively.
For @ = 1 (1.2) we measure Myey, ~ 0.08 (0.15) M, for NS-
NS and M;em ~ 0.03(0.12) M, for the NS-BH binaries. In
all simulations, a small amount of cold, neutron-rich material
is dynamically ejected in the equatorial plane by the merger:
0.002M¢ (0.004M) for NS-NS, and < 0.001M, for NS-
BH binaries. Less neutron-rich polar ejecta is observed, but
in the absence of magnetic fields its mass is negligible (and
not resolved in the simulations); see [44]. Note that none of
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FIG. 2. Tidal effects during an inspiral in the GW phase when com-
pared to a BH-BH as a function of time (top) and GW frequency (bot-
tom) fora 1.2M — 1.44 M system. Shown are our new NR results
(grey curves) and numerical uncertainties when available (shaded re-
gions), and predictions from the model SEOBNRVAT (curves with
legends). Tidal effects accelerate the phase accumulation, hence the
different signs when comparing to a BH-BH at the same time or fre-
quency.

our simulations produce a relativistic jet, e.g., as observed for
GW170817 [45, 46], which is unsurprising as our simulations
do not include any MHD effects (see [47] for incipient jets in
a NS-BH simulation).

Tidal effects in the GWs. For binaries comprising objects
of a few solar masses with similar signal-to-noise ratios as
GW170817, current GW detectors are sensitive only to the
GWs from their inspiral [7]. In contrast to vacuum BH-BH
mergers, an important GW signature of NS matter is due to
tidal effects associated with the objects’ deformations. The
dominant effect is characterized by the EoS-dependent tidal
deformability [48] X = (2/3)k2R°/G, where G is Newton’s
constant, ks is the Love number and R the radius.

Measurements of GW source parameters are very sensitive
to the GW phase evolution (e.g., [49-51]). Figure 2 illustrates
the impact of tidal effects on the GW phasing over an inspiral
(from 20Hz, where the waveforms were aligned over a 10Hz
window, up to peak GW amplitude) for a 1.44M + 1.2M¢
binary. Grey curves correspond to our new NR simulations,
where the shaded region indicates the uncertainty due to fi-
nite resolution; the numerical errors are unimportant to our
analysis below as Fig. 2 serves merely to illustrate degenera-
cies between A (or EoS) and the type of binary. The NR data
are extended to low frequencies by matching to a theoretical
model (known as SEOBNRvV4T [52, 53]), where tidal effects
are described analytically and thus apply to both NS-NS and
NS-BH. The zero-line in Figure 2 is a BH-BH system using
NR data from the SXS catalog [54, 55] and the theoretical
SEOBNRv4 model [56-58]. As seen from Fig. 2 a NS-BH
binary with the relatively stiff DD2 EoS (grey shaded region)



may have similar tidal effects as a NS-NS binary with a softer
EoS (smaller radius) as illustrated by dashed curves for alter-
native EoS models. Together with the large statistical errors
in the GW measurements, this makes distinguishing such sys-
tems difficult.

GW170817 GW constraints The GW-only analysis of
GW170817 allowing high spins in [7] constrains a mass-
weighted combination of tidal deformabilities A =
16/(13M3)[(1 +12/Q) M1 + (1 4+ 12Q) 2], where Moy =
m1 +mg and subscripts label the objects, to be A < 630. This
bound is consistent with NS-NS, but also with BH-BH having
A = 0 and NS-BH where A1 = 0. Altogether these GW mea-
surements can only rule out NS-BH inspirals with EoSs in
extreme corners of the possible parameter space. When spe-
cializing to the more restrictive assumption of low spins, the
results of [7, 9] are still consistent with a wide range of NS-
BH binaries, including both of our simulations with the DD2
EoS [59].

EM Kilonova observables for NS-BH and NS-NS merg-
ers. For our case studies, we construct kilonova bolomet-
ric lightcurves in the ultraviolet-optical-infrared (UVOIR), ar-
guably the most robust examples of EM observables. How-
ever, the methods presented here could be extended to any
prompt emission and afterglow lightcurves associated with
the short y-ray burst (SGRB) that followed GW170817. The
UVOIR lightcurve depends critically on the mass, composi-
tion and velocity of different types of matter outflow from
NS-NS or NS-BH mergers [10, 13, 14], the nature of the rem-
nant (e.g., [60, 61]), and the inclination viewing angle to the
binary (e.g., [62]).

We expect two types of outflows for our particular simula-
tions: dynamical ejecta from tidal tails in the binaries’ equa-
torial plane and winds from the remnant accretion disk. The
latter strongly depend on the remnant, with an ejected mass
Mying ~ (0.1—0.5) Myem [63, 64]. Given the measured mass
of the disk and dynamical ejecta, disk winds thus dominate the
mass budget of the outflows.

Based on the simulations, we compute kilonova bolometric
lightcurves including conservative estimates for uncertainties
in the unknown microphysics associated with the EM mod-
elling. For simplicity, we use a two-component model with
a low and high opacity component corresponding to “blue”
and “red”-colored parts respectively in the lightcurves (e.g.,
[20, 65]). The blue (red) components are the lanthanide-
free (lanthanide-rich) ejecta with electron fraction Y, 2 0.25
(< 0.25) [66, 67]. We solve for the evolution of the ejecta
thermal energy with radiative cooling and radioactive heating
[68]. For each component, we assume that the ejecta with a
total mass of Me; and radius 7 expand homologously with an
initial density profile of p oc 7! (oc 7~°) for the inner (outer)
part. These two parts are separated by a characteristic velocity
Vej. We further assume a constant opacity with values rang-
ing from 0.1-1 c¢cm? /g and 5-10 cm? /g for the blue and red
components respectively [69-71].

To map from the simulations to the kilonova light curves,
we assume that M is Mgy + €Mier,, where Mgy is the
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FIG. 3. Inferred ejecta properties required to produce the bolometric
UVOIR lightcurve associated with the GW170817 progenitor. The
dotted and dashed lines show the lanthanide-rich component assum-
ing 30% of the (0.05—0.2M ) remnant mass is ejected (the range in
disk mass is given in our model [31] and the estimated ejected per-
centage by simulations in [64, 74]). The solid lines are the combined
results from both red and blue components.

mass of the dynamical ejecta and ¢ = 0.1 and 0.5 for the
lower and upper bounds. The fraction of the blue compo-
nent for the disk outflow ranges from 0 (lower bound) to
the value for which the slope of the bolometric light curve
is consistent with the observed data (upper bound). For the
dynamical ejecta we use the mass with Y. > 0.25 obtained
directly from the simulations. For our NS-BH simulations
we obtain the upper bounds in the lower panels of Fig. 1
when assuming (Me; red; Mej,blue) Of (0.048,0.027) M and
(0.002,0.018) Mg for @ = 1.2,1 respectively. The
lower bounds assume (Mejred; Mejblue) = (0.015,0) Mg
and (0.002,0)My for @ = 1.2,1 respectively. Corre-
spondingly, for our NS-NS simulations, the upper bounds
in Fig. 1 assume (Mejred; Mojbiue) = (0.032,0.02) Mg
and (0.006,0.02) Mg, while the lower bounds correspond
t0 (Mgjreds Mejblue) = (0.12,1074)Mg and (0.006,2 x
1074) Mg, for Q = 1.2,1 respectively. We use the electron
and ~y-ray heating rates of radioactive r-process nuclei given
by [72] and account for the thermalization efficiencies of
and 3 rays [73]. Here we neglect the contribution of a-decay
and spontaneous fission.

The bottom panels of Figure 1 show the kilonova bolo-
metric lightcurves for our merger simulations together with
UVOIR observations of GW170817 [1]. The width of each
lightcurve represents the modelling uncertainties discussed
above, and uncertainties in the composition of the outflows
discussed below. We find that the EM observations are in-
consistent with equal-mass NS-NS and NS-BH mergers with
a DD2 EoS. They are, however, consistent with both our
@ = 1.2 NS-NS and NS-BH mergers.

GW170817 kilonova constraints. Figure 3 shows the ejecta
properties necessary to produce the UVOIR lightcurve associ-
ated with GW170817. The required ejecta mass can plausibly



be produced by any remnant with M., = 0.12M¢, (assum-
ing ~ 50% of the disk is unbound). Specifically, we show
that the lanthanide-rich component of the lightcurve can be
produced assuming 30% of 0.2M, remnant mass, given by
our model [31] and simulations by [64, 74], is ejected from
a NS-BH merger; see [75, 76] for an alternative approach to
compute photometric lightcurves for the contribution from dy-
namical ejecta. As discussed in [1, 16-27], the main difficulty
is to produce the ~ 0.02M, of fast (v ~ 0.2-0.3c¢), hot ejecta
with a high electron fraction Y, 2> 0.25 required to explain
the blue kilonova associated with GW170817. While none of
our simulations yield such ejecta, they could be produced in
the shear region between two merging NSs, though only for
finely-tuned parameters [77]: if the NSs’ compactness is too
high, the merger results in a prompt collapse to a BH prevent-
ing significant outflows, while if it is too low, the collision is
insufficiently violent, yielding only a small amount of hot po-
lar ejecta (as in our simulations). Simulations of NS-NS merg-
ers with masses compatible with GW 170817 and compactness
maximizing the production of hot ejecta are necessary to de-
termine whether such a NS-NS merger scenario can underly
the blue kilonova emission associated with GW170817.

Can the blue kilonova be produced by a NS-BH merger?
While such systems do not generate polar-shocked material,
they produce hot, fast ejecta through post-merger disk out-
flows. Outflows of the required mass, velocity, and compo-
sition are not seen in current simulations; yet these simula-
tions suffer from important limitations. Hydrodynamics sim-
ulations of NS-BH mergers [42] show high-Y, disk winds
but an insufficient amount of ejected mass; when including
magnetic fields, large amounts of fast, hot ejecta have been
measured [78], but determining its exact mass and composi-
tion will require including neutrino transport in these simula-
tions. Long-term magneto-hydrodynamics (MHD) evolutions
of the remnant using idealized initial conditions (axisymmet-
ric, cold, neutron-rich tori) have found fast MHD-driven out-
flows [64, 74] but with a low Y,; however, with initial con-
ditions taken from merger simulations, 2D viscous hydrody-
namics evolutions find outflows with higher Y, [79] than for
the idealized setup. The properties of post-merger disk out-
flows in NS-BH systems thus remain highly uncertain. MHD
effects during disk circularization and/or post-merger evolu-
tions may still be the source of significant high-Y, outflows.

Although these EM modelling uncertainties prevent us
from setting stringent constraints on the progenitor of
GW170817, we can at least rule out any binary systems that
produce remnants with My, < 0.12M . For NS-BH bina-
ries, this critically excludes equal mass systems with R <
13km, and compact stars (R < 11km) at all mass ratios
@ > 1, but not large stars in asymmetric-mass binaries (see
below and supplementary material).

Joint GW and EM analysis of GW170817: a NS-BH
merger? When interpreting the GW and EM observations
of GW170817 separately, a NS-BH binary is consistent with
the measurements. Here, we show that combining GW and
EM measurables yields substantially more interesting con-

straints on the possibility and parameters of a NS-BH pro-
genitor. We take the posterior distributions for the effec-
tive inspiral spin x.g [80], @, and A obtained from the GW
analysis with high-spin priors from [7]. Assuming a NS-BH
system (zero NS spin and BH tidal deformability) we con-
vert these parameters at fixed masses to NS deformability
A = Amc?)™® = 13A/[16(1 + 12Q)] and the BH’s spin
parameter xpu = (1 + Q)Xesr/Q. Using a quasi-universal re-
lation [81, 82] we obtain the NS’s compactness C' = Gm/Rc?
from A. Finally, we substitute the GW information on param-
eters into our model [31] for the remnant mass M., given
the progenitor parameters (C, @, xpn ). Binning these results
yields the posterior distribution of @) and M, for a NS-BH
progenitor of GW170817 shown in Fig 4. We find that nearly
40% of the probability distribution is at M,en, > 0.1Mg, the
minimum requirement set by the EM constraints (taking into
account a ~ 0.02M, uncertainty in the model for M,ep,);
see the supplemental material for the marginalized probabil-
ity for a given M,ep,. Figure 5 shows the marginalized poste-
rior distribution of () and R for GW170817, with the region
of binary parameters satisfying our conservative constraint
Miem > 0.1Mg colored in blue. Future improved simula-
tions of post-merger accretion disks will set both a lower and
upper bound on M., and thus impose constraints the param-
eter space in Fig. 5 both from bottom left and top right. Note
that the region of parameter space favored by both EM and
GW constraints includes equal-mass systems with large neu-
tron stars (Rsiml14km, also at present still consistent with
nuclear physics constraints [83]), as well as more asymmetric
systems with more compact stars [e.g., R ~ (12 — 13) km for
Q ~ 1.5].

Discussion We have presented the first direct comparison
of NS-NS and NS-BH mergers with identical mass ratios us-
ing the results of four new NR simulations. Based on models
valid over a wide range of EoSs, mass ratios, and BH spins
we showed that, taking into account the large uncertainties in
the EM emission and the EoS of NS matter, current GW-only
or EM-only observations can rule out a NS-BH merger only
in extreme corners of this parameter space. Importantly, we
demonstrate a novel method for jointly analyzing GW and EM
measurements to address the open question of whether one
can quantitatively distinguish a NS-NS merger from a NS-BH
(or exotic ultra-compact object) with comparable mass. This
allows us to determine, for the first time, a quantitative re-
sult for the fraction of the NS-BH parameter space allowed by
GW observations of GW170817 that is also compatible with
bolometric UVOIR observations.

Our analysis is implementable for future NS binary mergers
with measurable GW and EM radiation, allowing us to estab-
lish both the nature of the progenitor and remnant for single
and populations of events. These methods should improve
as simulations continue to incorporate a multitude of micro-
physics, reducing the wide systematic errors in the modelling
of EM measurables. In particular, our ability to predict kilo-
nova lightcurves is severely limited by current uncertainties
in the properties of the post-merger disk winds that dominate
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FIG. 4. Posterior distribution function of ) and predicted Myem
for GW170817 assuming a NS-BH merger. The top panel shows
the marginalized distribution function of M;em, With the solid lines
showing the 60% and 90% confidence intervals. The double-peaked
distribution is a result of the features present in the A posteriors.

the mass budget of the outflows for near-equal mass systems.
Recent progress in 3D simulations of post-merger remnants
promise significant advances in modelling capabilities in the
near future [64, 74]. The GW measurements will likely im-
prove as the detectors become more sensitive, and in the more
distant future may potentially observe signatures from the
tidal disruption of a NS-BH system or a NS-NS postmerger
signal.

Further, our methods can readily incorporate EoS con-
straints from nuclear- and astrophysics (e.g., the PREX-II ex-
periment [84] and the NICER mission [85]), which, when im-
posed, will sharpen the conclusions about the progenitor by
excluding parts of the NS-BH parameter space still allowed
by GW and EM observations.

In conclusion, while we have focused here on the GW and
EM signatures for a restricted set of NS-BH mergers, our
methods have broader applications, and follow-up work is on-
going.
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