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NEUTRON STARS

Multimessenger constraints on the neutron-star
equation of state and the Hubble constant

Tim Dietrich™2*, Michael W. Coughlin®, Peter T. H. Pang®4, Mattia Bulla®, Jack Heinzel>®”,

Lina Issa>3, Ingo Tews®, Sarah Antier'

Observations of neutron-star mergers with distinct messengers, including gravitational waves and
electromagnetic signals, can be used to study the behavior of matter denser than an atomic nucleus and
to measure the expansion rate of the Universe as quantified by the Hubble constant. We performed

a joint analysis of the gravitational-wave event GW170817 with its electromagnetic counterparts
AT2017gfo and GRB170817A, and the gravitational-wave event GW190425, both originating from
neutron-star mergers. We combined these with previous measurements of pulsars using x-ray and
radio observations, and nuclear-theory computations using chiral effective field theory, to constrain
the neutron-star equation of state. We found that the radius of a 1.4-solar mass neutron star is
11.757588 km at 90% confidence and the Hubble constant is 66.2*%5 at 1o uncertainty.

ultimessenger observations of binary

neutron star (BNS) mergers, which use

different probes to observe the same

astrophysical process, elucidate the

properties of matter under extreme
conditions and can be used to determine the
Hubble constant, which quantifies the expan-
sion rate of the Universe. An example was the
joint detection of gravitational waves (GWs)
and their electromagnetic (EM) counterparts
from the same astrophysical source: the GW
event GW170817 (1), the gamma-ray burst (GRB)
GRBI170817A, its GRB afterglow arising from
synchrotron radiation (2), and the kilonova
AT2017gfo—an EM signal in the optical, infrared,
and ultraviolet bands originating from the radio-
active decay of atomic nuclei created during a
merger (3). Using only GWs and the redshift of
the host galaxy, this event led to an independent
measurement of the Hubble constant (4). It also
placed constraints on the equation of state (EOS)
of matter at densities higher than in the center
of an atomic nucleus [for example, (5)]. GWs
have also been detected from another BNS
merger, GW190425 (6), but no EM counter-
part was observed (7). Joint observations of
the mass and radius of the rapidly rotating
neutron star (pulsar) PSR J0030+0451 by the
Neutron Star Interior Composition Explorer
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(NICER) [for example, (8)] have provided in-
dependent constraints on neutron star prop-
erties (9). These build on mass measurements
of the pulsars PSR J0740+6620 (10), PSR
J0348+4042 (11), and PSR J1614-2230 (12) using
radio observations.

We combined the results from GW170817,
GW190425, AT2017gfo, GRB170817A, PSR
J0030+0451, PSR J0740+6620, PSR J0348+4042,
and PSR J1614-2230 with nuclear-theory
calculations of the EOS, the latter by using
chiral effective field theory (EFT) predictions
at low densities (13). Previous studies have
connected GW analyses to nuclear-physics
predictions (14, 15), performed Bayesian analy-
ses of EM and GW signals (16, 17), or com-
bined GW and NICER results (18, 19). We
combined all of these approaches, with the
goal of providing improved constraints on the
supranuclear EOS and measuring the Hubble
constant.

We used a multistep procedure (Fig. 1) to
incorporate constraints from nuclear theory
and from astrophysical observations. Our analy-
sis began by constructing a set of 5000 EOSs
(13) that provide possible descriptions of the
structure of neutron stars (Fig. 1A). At low
densities, these EOSs are constrained by
microscopic calculations that use chiral EFT
interactions and computational many-body
methods. Chiral EFT is a systematic theory
for nuclear forces that describes the inter-
actions in terms of nucleon and pion de-
grees of freedom and is consistent with the
symmetries of quantum chromodynamics
(20). The resulting forces are arranged in
an order-by-order expansion, which is then
truncated at a certain level. This systematic
scheme allows for the estimation of theoreti-
cal uncertainties from missing higher-order
contributions to the nuclear interactions.
The resulting nuclear Hamiltonians are in-
serted into the Schrodinger equation, which
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has been solved by using quantum Monte
Carlo methods (21). Chiral EFT might be valid
up to 27, (22), where ng,, = 0.16 fm ™2 is the
nuclear saturation density. Beyond that, chi-
ral EFT interactions and their uncertainty
estimates are not reliable. We adopted a more
conservative limit and constrained our EOSs
with chiral EFT calculations up to densities
of 1.5mg,. At densities above that limit, we
used a model-agnostic parametric expansion
scheme that represents the EOS in the speed
of sound plane (22) and ensures consistency
with causality.

We then restricted the set of EOSs by in-
cluding astrophysical constraints. First, we
began by enforcing a maximum neutron star
mass M,,x with an upper bound of Mp,x <
2.16737 solar masses (M) at 26 uncertainty
(13, 23). This upper bound was derived by
assuming that the final merger remnant of
GW170817 was a black hole (23). We derived a
lower bound for the maximum mass by com-
bining radio observations of PSR J0740+6620
(10), PSR J0348+4042 (1I), and PSR J1614-
2230 (12). The resulting distribution for the
maximum mass and the updated EOS set are
shown in Fig. 1B. For comparisons with other
works, we calculated the radius of a typical
1.4 M neutron star at 90% confidence. The
corresponding radii at each stage of our anal-
ysis are shown in Fig. 1H.

Second, we included the NICER results (13)
using the joint posterior probability density
function for mass and radius from the best
fitting model of (8), shown in Fig. 1C. We
assigned a probability to each EOS on the basis
of the maximum neutron star mass and NICER
constraints.

Third, by sampling over the obtained EOS
set by using their precomputed probabilities,
we analyzed GW170817 (13). Neutron star prop-
erties are inferred from GW signals through
tidal effects that are larger for neutron stars
with smaller masses and larger radii. We used
the PARALLEL BILBY software (24) and the
GW waveform model IMRPhenomPv2_NR-
Tidalv2 (25) for cross-correlation with the
observed GW data (I), inferring the binary
properties from the measured signal. This model
is an updated version of the waveform approx-
imant IMRPhenomPv2_NRTidal, which has
been used in previous analyses of GW170817
(26) and GW190425 (6).

Fourth, we added constraints from AT2017gfo
using a published light curve model (13, 27).
We used a Gaussian-process-regression frame-
work to compute generic light curves for various
ejecta-mass properties. To connect the individ-
ual ejecta parameters to the properties of the
system, we assumed that the total ejecta mass
M_;is a sum of multiple components: dynamical
ejecta M. ij", the material released during the
merger process through shocks and torque,
and disk-wind ejecta {Mgjsx, SO that Me; =
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Fig. 1. Multistep procedure to constrain the neutron-star EOS. In (A) to

(H), allowed EQSs are shown as blue lines, and disallowed EOSs are shown as

gray lines. Lower plots indicate the probability distribution function (PDF) for the radius
of a 1.4 M, neutron star, with the 90% confidence range indicated by dashed lines.
(A) The set of EOSs from chiral EFT. (B) The EQOS set restricted by incorporating
information from mass measurements of PSR J0740+6620, PSR J0348+4032,

PSR J1614-2230, and the maximum-mass constraints obtained from GW170817/
AT2017gfo. The 90% confidence interval of the maximum mass posterior probability
distribution is indicated by a purple band. (C) The EOS set further restricted by the

NICER mass-radius measurement of PSR JO030+0451 (purple contours at 68 and
95% confidence). (D) Further restriction of the EOS set by using Bayesian inference
from our reanalysis of the GW170817 waveform. Contours at 68 and 95% confidence
show the mass-radius measurements of the primary (red) and secondary (orange)
neutron stars. (E) Analysis of AT2017gfo by using the chirp mass, mass ratio, and the
EOSs as Bayesian priors. (F) Further restrictions by analyzing GW190425. This is
our fiducial result. (G) Additional analysis assuming that GW190425 did not produce a
detectable EM signal. (H) The radius constraint at each step of this analysis, with
90% confidence ranges.

ijyn + {Mgisx + a. The free parameters o,
corresponding to a potentially unmodeled
ejecta component, and {, determining how
much mass of the disk is ejected, are unknowns.
Our treatment of the dynamical ejecta follows
previous work (16). Existing disk-wind ejecta
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models are known to be inappropriate for sys-
tems with high mass ratios. To overcome this
issue, we included an explicit mass-ratio de-
pendence in the disk-mass prediction (13).
The GW results for the chirp mass M, =
(myms)>/®(my + my)™Y® —with m, and m,
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being the masses of the heavier and lighter
neutron stars, respectively—the mass ratio
q =mmy 1 and the EOS were used as priors
for our analysis of AT2017gfo. This further
constrains the EOS models (Fig. 1D). Including
all steps so far, we obtained the radius of a
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Fig. 2. Distance-inclination constraints and Hubble constant measurement. (A) Estimated distance and
inclination of GW170817 from the GW waveform (red), AT2017gfo analysis (purple), and the radio
interferometry constraint (29) derived from GRB170817A (blue). The combined distance-inclination
measurement is shown in orange. Contours are shown at 68 and 95% confidence. (B) Hubble constant
estimate from our combined inclination measurement (orange histogram). Symbols mark the most probable
values and 1o uncertainties from this work (orange), the Planck measurement of the cosmic microwave
background (Planck CMB; purple) (31), the Hubble measurement via type-la supernovae (SNla; blue) (30),
and the Hubble estimate from GW170817 alone (GWs; red) (4).

1.4 M, neutron star of Ry, = 11.67105 km
at 90% confidence.

These results can be further constrained by
combining them with another observed BNS
merger, GW190425 (6). Because of the high
total mass of GW1904:25 of 3.4102 M, at 90%
confidence, which suppresses tidal effects,
we found (73) that the inclusion of GW190425
does not improve the precision but does
slightly shift the median value within the
uncertainty. Our final estimate on the radius of
al4 M, neutron star is Ry ay, = 11.75" 558 km,
with 90% confidence. We also explored an
alternative ordering of individual analysis
steps (fig. S11) and systematic uncertainties
because of the use of different GW models (fig.
S12), finding a consistent radius constraint
(supplementary text).

Several independent EM searches for coun-
terparts to GW190425 observed large fractions
of the possible sky area (supplementary text)

(7), suggesting that most of the appropriate
region was searched, but no EM signal was de-
tected. To include this nondetection, we used
the same Kkilonova analysis as for GW170817,
combining it with upper limits reported by the
optical EM counterpart searches. Using the dis-
tance information from the GW data, 159f‘75f
Mpc at 90% confidence level (6), we obtained
limits on the absolute magnitude of a poten-
tial counterpart. Using our light curve models,
we ruled out parts of the parameter space for
which the predicted absolute magnitude would
be above the obtained limit. Following this
procedure, we arrived at a radius estimate of
Ry, = 11747058 (90% confidence) under
the assumption that if GW190425 produced a
detectable signal, it would have been found.
To be conservative, we omitted this step from
the subsequent analysis.

Our study includes information from
GW170817; AT2017gfo; GRB170817A; GW190425;

the NICER observation of PSR J0030+0451; and
the radio observations of PSR J0740+6620, PSR
J0348+4032, and PSR J1614-2230. Our approach
allows for strong phase transitions in the EOS,
the combination of multiple events, and the
incorporation of EM nondetections. We com-
pare our final result of Ry, = 1175755 km
with a selection of previous studies in Table 1.
The inclusion of additional astrophysical ob-
servations does not necessarily lead to tighter
constraints (Fig. 1H) because (i) the full com-
bined posterior probability distributions are
incorporated in the analysis and (ii) the num-
ber of events detected with multiple messen-
gers remains very small.

In addition to EOS constraints, we per-
formed a measurement of the Hubble con-
stant (13). For this purpose, we assumed that
measurable properties related to the Kkilo-
nova, such as time scale and color evolution
of the ejecta, are connected to its intrinsic
luminosity. Theoretical kilonova predictions
can be used to standardize kilonovae light
curves and thereby measure their distances
(28). Combining the distance measurement
with the redshift » of the host galaxy NGC
4993, 2 = 0.009783 = 0.000023, constrains
the Hubble constant (4). We combined the
distance and inclination measurements of
the GW and Kkilonova analyses with the mea-
surement using radio observations of the GRB
afterglow (Fig. 2) (13, 29). The comparison
of a kilonova observation with a light curve
model permits a large parameter range, owing
to the complexity of the model. Adopting two
other kilonova models (supplementary text)
indicates that our kilonova constraints are
conservative, but it is not possible to test the
robustness of different kilonova models with
only one well-sampled kilonova observation
(AT2017gfo). Combining all of these measure-
ments leads to an improved distance constraint

Table 1. Comparison with selected radius constraints from multimessenger observations. For each reference, we indicate whether chiral EFT input,
constraints from heavy-pulsar mass measurements (Heavy PSRs), maximum-mass constraints obtained from GW170817/AT2017gfo (Mmax). GW constraints
from GW170817 or GW190425, constraints from kilonova light curves (AT2017gfo), constraints from the GRB afterglow (GRB170817A), and constraints from
NICER were used. We indicate with a checkmark where either the full posterior probability distribution or a Bayesian inference was used, an open circle
where some information was included without performing a Bayesian analysis or including the full posterior probability distribution, and an “X" where the
information was not included in the study. Stated radius uncertainties represent 90% confidence intervals, and for (17), we also include systematic

uncertainties as stated by those authors.

Reference  Chiral EFT  Heavy PSRs My, (remnant) GW1700817 AT2017gfo  GRBI70817A  NICER  GW190425 R4y, [km]
This work Yes v v v v v v v 1175738

(19) Yes v X v X X v X [11.63, 13.26]
(15) Yes o) o v X X X X 1.0°5¢

(16) No v o v v o X X [i1.3,135]

17) No X X v o X X X (12.275%+0.2)

(5) No o X v X bt bt bt 11.9%%

(14) Yes o) X ¢ X X X X [9.9,1356]
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and an estimate of the Hubble constant of
Hy = 66.2"%% at 1 uncertainty (Fig. 2B). We
found that the radio inclination measure-
ment reduces the existing uncertainty on the
Hubble constant by more than the kilonova
measurement, at least for this single event.
The uncertainty does not allow us to resolve
the tension between measurements through
type-Ia supernovae (30) and the Planck mea-
surement of the cosmic microwave background
(31), but our results indicate a preference for
the latter (Fig. 2B).
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