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The interior of neutron stars contains matter at the highest densities realized in our Universe.
Interestingly, theoretical studies of dense matter, in combination with the existence of two solar
mass neutron stars, indicate that the speed of sound cs has to increase to values well above the
conformal limit (¢2 = 1/3) before decreasing again at higher densities. The decrease could be
explained by either a strong first-order phase transition or a cross-over transition from hadronic
to quark matter. The latter scenario leads to a pronounced peak in the speed of sound reaching
values above the conformal limit, naturally explaining the inferred behavior. In this work, we use
the Nuclear-Physics Multi-Messenger Astrophysics framework NMMA to compare predictions of
the quarkyonic matter model with astrophysical observations of neutron stars, with the goal of
constraining model parameters. Assuming quarkyonic matter to be realized within neutron stars,
we find that there can be a significant amount of quarks inside the core of neutron stars with masses
in the two solar mass range, amounting to up to ~ 0.13Mg, contributing ~ 5.9% of the total mass.
Furthermore, for the quarkyonic matter model investigated here, the radius of a 1.4 M neutron star

would be 13.4471-%9(13.54%1°52) km, at 95% credibility, without (with) the inclusion of AT2017gfo.

I. INTRODUCTION

Measurements of neutron stars’ masses, radii, and de-
formabilities serve as probes of the nuclear equation of
state (EOS) of neutron-rich matter at high density and
low temperature [1]. This part of the QCD phase di-
agram can not be accessed in lattice QCD simulations
due to the sign problem, which plagues the importance
sampling of gauge configurations. Thus, neutron star
measurements remain one of the few tools to explore
the behavior of dense cold matter. For instance, the
feasibility of constraining the EOS via measurement of
neutron stars’ tidal deformabilities with gravitational
waves has been demonstrated [2, 3]. Constraints on the
radius R of neutron stars obtained from gravitational-
wave data suggest that R < 13.5 km [4-7], which in
turn implies that the EOS of matter is soft at nuclear
densities, of the order of the nuclear saturation den-
sity Mgar ~ 0.16 fm™3. On the other hand, observa-
tions of heavy pulsars indicate that the EOS needs to
be sufficiently stiff at higher densities in order to sup-
port neutron stars with masses of more than twice the
solar mass [8-12].
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This soft-stiff behavior of the EOS also reveals an
interesting feature of the speed of sound (c;) in dense
matter as a function of density. The speed of sound
can be calculated with uncertainty estimates at nuclear
densities using chiral effective theory (YEFT) [13-16]
and at very high density using perturbative QCD [17—
19]. Thus, we know that the speed of sound ¢; is small,
c? < 1, at low densities, and approaches the conformal
bound of ¢ = 1/3 from below at very high densities.
At intermediate densities, where neither chiral EFT nor
perturbative QCD are applicable, the speed of sound
could, in principle, be a monotonic or nonmonotonic
function of baryon density. The soft-stiff EOS obtained
from neutron-star measurements reveals that the speed
of sound, in fact, is likely a non-monotonic function
of baryon density, violating the conformal bound at a
few times the nuclear saturation density [14, 20]. More
specifically, ¢? increases monotonically from nuclear sat-
uration density to a few times the nuclear saturation
density, overshooting the conformal bound of 1/3 and
reaching a peak at intermediate densities. With even
larger densities, ¢ then decreases below the conformal
bound, reaching a minimum and eventually increasing
to asymptotically approach the conformal bound from
below. Given that we do not have the tools to obtain
the EOS of dense matter from direct calculations in
QCD, it is important to assess various models which
can replicate this non-monotonic behavior of the speed



of sound and simultaneously describe mass and radius
measurements of neutron stars.

One such model is “quarkyonic matter” [21-23] in
which a special arrangement of nucleons and quarks in
a combined Fermi sphere forces a peak in the sound
speed. In the quarkyonic model, the nucleon and quark
degrees of freedom (DOF) are described by a single
Fermi distribution function, as illustrated in Fig. 1. At
high densities, the Fermi momentum for the baryons is
large and the DOF deep within the Fermi sphere are
Pauli blocked. Creating a particle-hole excitation from
deep within the Fermi sea requires large energy and mo-
mentum, and so these DOF can be regarded as weakly
interacting. Since QCD is asymptotically free, we ex-
pect the existence of quark matter at high densities
where quarks behave as nearly free particles, thus mo-
tivating treating the DOF deep within the Fermi Sphere
as quarks. The DOF near the Fermi surface can, how-
ever, be excited with low energy and momentum trans-
fers. Thus, confining forces should remain important.
This motivates treating the DOF near the Fermi surface
as nucleons arising from quark correlations.

At low densities, the radius of the inner quark Fermi
sphere in the quarkyonic model is zero. As the density
increases, the inner quark Fermi sphere starts forming
at some threshold density. The peak in the speed of
sound arises right at those densities where the inner
quark Fermi sphere first appears.

Interestingly, the introduction of quarks in other
models is typically accompanied by a first-order phase
transition. A first-order transition forces the pressure
gradient to drop to zero, leading to a lower pressure
than one would encounter in the absence of a phase
transition. In the quarkyonic case, however, the tran-
sition to quark matter happens through a crossover.
Not only does this mean that the pressure gradient is
non-zero during the transition, it also does not decrease
nearly as fast after the peak in the speed of sound as it
does in the first order transition case. This keeps the
EOS stiff for a larger range of densities. The quarkyonic
model, therefore, differs from other models of quark
matter in this regard.

Although quarkyonic models have been successful in
producing a peak in the speed of sound, there have
not been any studies to infer the quarkyonic-matter
model parameters from astrophysical data. In par-
ticular, given an unconstrained quarkyonic model, we
would like to investigate what we can learn about the
model parameters from astrophysical data and what the
quark content is in neutron stars. In this paper, we an-
swer these questions using Bayesian analysis and adopt-
ing a quarkyonic excluded-volume model proposed in
Ref. [23].

The astrophysical observations considered here are
the gravitational-wave detections of the binary neu-
tron star mergers GW170817 [24] and GW190425 [25]
by Advanced LIGO [26] and Advanced Virgo [27],
the GWI170817-associated electromagnetic counter-

parts AT2017gfo [28], the NICER observations on PSR
J0030+0451[29, 30] and PSR J074046620 [31, 32], and
the radio observations on PSR J0348+44032 [10] and
PSR J1614-2230 [33].

This paper is organized as follows: We start by de-
scribing the employed quarkyonic-matter model [23] in
Section IT A. We then describe our Bayesian inference
approach in Section II B, and give a short description of
our implementation in Section II C. Finally, we present
our results followed by our conclusions in Sections III
and IV.

II. METHODS
A. Quarkyonic-Matter EOS

A non-dynamic quarkyonic matter model was first
proposed in Ref. [21], followed by a dynamic model
for quarkyonic matter introduced in Ref. [22]. In this
dynamic model, both hadrons and quarks appear as
quasi-particles and are described using a single Fermi
distribution which has an outer shell of nucleons and an
inner sphere of quarks. The baryon density of nucleons
nY for a particular configuration of quarkyonic matter
is computed by evaluating the momentum space vol-
ume of the outer Fermi shell, whereas the quark baryon
density ng is computed by evaluating the volume of
the inner sphere. The total baryon density is given by
the sum of the two: ng = n} + ng. Thus, for a fixed
baryon density, one can vary the shell width made of
the nucleons (or the radius of the inner quark Fermi
sphere) while maintaining a constant ng, to probe dif-
ferent configurations of quarkyonic matter for that par-
ticular total baryon density. The dynamical model in
Ref. [22] also introduces an energy density functional
for the systems, defined as the sum of individual energy
density functionals of the nucleons and quarks. By min-
imizing the energy density functional for the quarkyonic
Fermi distribution with respect to the shell radius of the
quarkyonic phase space, one can find the equilibrium
quarkyonic matter configuration for a fixed baryon den-
sity. One can then construct the EOS of dense matter
by computing the energy density for the equilibrium
configuration as a function of density. Note that the
dynamical model of Ref. [22] considers only symmetric
nuclear matter. This model was extended to account for
the astrophysically more relevant system of pure neu-
tron matter in Ref. [23]. We use this extended model
in this work. In the next subsection, we describe the
construction of the relevant energy density functionals,
starting with the neutrons, and then moving on to the
quarks.
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FIG. 1. TIllustration of the Fermi sphere for quarkyonic
matter at low baryon number densities before the quark
onset (left panel) and at high densities after the quark on-
set (right panel). The quark Fermi momentum in dynamic
quarkyonic-matter models well below ng is negligible and
not shown in this figure.

1. Neutron part of the EOS

In the excluded volume model for quarkyonic neu-
tron matter, we consider neutrons to be hard spheres
of volume vy, exhibiting two spin DOFs. This allows us
to define an effective density for neutrons. If we insert
N neutrons in a volume V', then the unoccupied volume
Vex is given by

VEXZV—NUhEV—E. (1)

o

In the above, we have defined the hard core density of
neutrons as ng = v;l. If we now add another neutron
to this N-neutron system, this extra neutron can only
occupy a volume vy, within the available volume V.
This gives rise to an increased effective density for the
neutrons, which we will denote as the neutron excluded
volume density nl.:

nNEN: Vng _ ng _ ng . @)
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This implies that the neutron density nJ is constrained
to be lower than the hard-core density ng since other-
wise, the volume occupied by neutrons would be larger
than V. Because of this, the energy density associated
with nucleons will increase faster than that of a free
Fermi gas as a function of baryon number density. If
we then consider quarks to be free point particles, as
we will describe in the next subsection, the sum of the
energy density contributions from quarks and neutrons
will eventually be lower if some of the baryon density
is stored in quark DOF compared to a pure neutron
phase. This is the main idea behind this excluded vol-
ume model: as we increase the number of neutrons in
a constrained volume, it eventually becomes energeti-
cally favorable for some of those neutrons to split into

their constituent quarks, leading to a smooth crossover
between a hadronic phase and a quark matter phase.
Keeping in mind that the neutron excluded volume
density is the effective density for the neutrons, we can
write n}. in terms of neutron Fermi momentum A,

A 3
d’k
N = 2/
Mex 0 (27_(_)35 (3)

where the factor of two accounts for the neutron’s two
spin DOF. From this, it follows that the non-interacting
pure neutron energy density functional for hard-core
neutrons is given by

N A 3
_ _ "B d’k 2 2
ex _2( no)/o (%)3,/MN+1€ . @

where My is the neutron mass.

To properly describe neutron stars, we will have to
include neutron interactions in our energy density func-
tional. For this, we use a potential ansatz inspired by
Ref. [21], and include a nuclear potential of the form

V(ny) = dnE(Z—%) + 5n§(2—§>2 ; (5)

where pg is the saturation density, and a andﬁ are
free parameters. The parameters ¢ < 0 and b > 0
are to mimic the short-range repulsion and long-range
attraction between neutrons, respectively, at densities
ng < 2p0.

However, this is not sufficient to reproduce the EOS
of low-density neutron matter. The excluded volume
energy density for the neutrons in Eq. (4) is desirable
at high densities to force quark onset, but the excluded
volume model has the undesirable feature of signifi-
cantly modifying the low-density neutron EOS as well.
In order to correct for this effect, Ref. [23] proposed the
following approach: We introduce a modified potential

V(n¥), and the energy density functional

en = 2[1— (%ﬂ /OA %,/Mgmuv(ng), (6)

to minimize the effect of the excluded volume at low
density. V is designed such that in a low-density ex-
pansion in powers of ng /g, the excluded volume en-
ergy density of Eq. 6 mimics the energy density of low
density neutron matter given by

kr 3
6:2/0 %,/kuwﬁvm%) (1)

up to corrections that go as some high power in the
3
expansion parameter. Note that, nfy = 2 fOkF %.

The model proposed in Ref. [23] demands that the two
energy densities match upto corrections that go as the



(n /no)3. The corresponding expression for V is given
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2.  Free quark part of the EOS

We will now discuss the energy density functional for
the quarks. We treat the quarks as almost free point
particles of mass My = My/N. = Mn/3, where N,
is the number of quark colors and fixed at N, = 3.
The only effect of interactions of quarks is taken into
account through the constituent quark mass, M. Here,
we include two species of quarks, up and down, with
two spin DOFs. We can then express the contribution
to the baryon density from quarks in terms of the quark
Fermi momentum kj, so that

e @k
a=2f —
nB /0 (27(')3, (9)

where q = {u,d} denotes the quark flavor, and the fac-
tor of two again comes from the spin DOF. The quark
energy density functional is then given by

ke Q3K
— 2 2
eq—2/0 (2W)31/Mq =3 (10)
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This choice is motivated as follows: We know that the
excluded volume quarkyonic matter model does not
produce quarks at low baryon density when the reg-
ulator A is set to zero. The need for a nonzero A arises
only to remedy the unphysical behavior of the speed of
sound at high densities. Thus, if we introduce a den-
sity dependence in A such that it is zero at low baryon
density and close to the QCD scale near the quark on-
set density, we will eliminate quarks at low densities
while also eliminating the unphysical behavior of the
speed of sound at high densities. If we then want all
thermodynamic properties to stay unaffected by A at
ng = 0, we need A(0) =d"A(0)/d(ng)" =0 for n < 3.
Furthermore, we want A(ng) to be in full effect once a
significant amount of quarks is present. It is then nat-
ural to impose that A(ng) = Ag for ng > ng, where Ag
is a parameter of order Aqcp. We further demand that
d"A(ng)/(dng)™ is continuous for n < 3 to ensure that

Using this formulation of the quark part to the
EOS, it was previously found that the quark onset in
this model happens too abruptly, leading to a viola-
tion of causality and negative speeds of sound in some
cases [22]. Ref. [22] proposed to cure this issue by scal-
ing the quark density of states by a factor

o) = YA (1)

where A is a free parameter. This modification is mo-
tivated by having the correct high energy behavior,
g(k) — 1 as k — oo, which is consistent with a free
Fermi gas. The regulator A can be viewed as the energy
scale at which non-perturbative effects become unim-
portant. We should, therefore, expect A to be of the
same order of magnitude as the QCD confinement scale

AQCD~

However, Ref. [23] pointed out that this modifica-
tion to the quark density of states, while curing the
unphysical behavior of the speed of sound, introduces a
non-negligible density of quarks at all baryon densities,
which itself is unphysical. Ref. [23] proposed a rem-
edy to this effect by giving a density dependence to A,
A = A(np), with

(12)
for ng >ng.

(

chemical potential, pressure, and speed of sound are all
smooth functions of ng. The polynomial (12) was cho-
sen as it is the lowest order polynomial that satisfies all
these criteria. However, as long as A(ng) follows the
properties discussed above, its exact functional form
is not found to be of significant importance [23]. The
quark energy density functional then becomes

k3 3
Fod%k VA2 (ng) + k2
= 2N, M2 (1
“a C/0 (2m)3 athk k » (13)

where

K=/ (3m2nf + A3(ng))/8 — A2(ng).  (14)

We note that the introduction of a density dependent
A(np) smears out the onset density for the quarks.
Hence, they appear gradually as a function of baryon
density [23]. However, the quark density is essentially



zero compared to the neutron density up to baryon den-
sities close to ng, and so the picture in Fig. 1 still holds.

To allow for two flavors of quarks (up and down), we
describe the total quark baryon density as

ng =nk +nf, (15)

and relate the up (n%) and down (n$) quark baryon
densities by enforcing charge neutrality,

nf = 2nY . (16)

Then, the total quark energy density functional is given
by

kg 3
Fodk VA2(ng) + k?
— 2 2
cq=2N. Y /0 (%)3,/Mq+k i :

q=u,d

(17)

3. Full quarkyonic EOS

In the quarkyonic model, the free quarks and the
neutrons have a single Fermi distribution, where the
bottom of the neutron Fermi sea is set by the Fermi
momentum of the d-quarks, klﬂi. That is, kp = chzlﬂi as
illustrated in Fig. 1. Combining Eqgs. (6) and (17), the
total energy density functional is given by

ny A a3k .
6:2[17(71—13)}/0 W,/M§+k2+V(ng) (18)
kS 13 VA2 (ng) 1 2
+2NCZ/ d°k /qu"‘kQWv
0

(2m)?

q=u,d
where
A= 320N + kY3 — kp. (19)

The equilibrium configuration at a given baryon density
is then found by minimizing e with respect to either ng
or kr. Once the equilibrium configuration is found, it
is straightforward to obtain the energy density of this
equilibrium configuration from the energy density func-
tional. Other interesting thermodynamic properties can

then be obtained using the thermodynamic relations

uing) = d;(:]f) , (chemical potential)  (20)
P(ng) =npu(ng) —e(np), (pressure) (21)
ck(ng) = (ilf((:;) , (speed of sound)  (22)

for the equilibrium configuration.

We would like to point out some of the limitations
of the quarkyonic matter model employed here that
have not yet been discussed. First, we have assumed
the baryonic part to be purely made up of neutrons,

and have ignored beta equilibrium because it is not
trivial to treat the Fermi sphere for quarkyonic mat-
ter in a dynamic model when it involves more than one
species of nucleons. We note, whoever, that there are
non-dynamic quarkyonic matter models accounting for
beta-equilibrium [34, 35]. It can nevertheless be argued
that the fraction of protons to neutrons is less than
< 10% [21] and should, therefore, not have a significant
effect on neutron star masses and radii. Second, we
have only considered two flavors of quarks. In princi-
ple, strange quarks could be included as well and there
are three-flavor excluded volume models of quarkyonic
matter in the literature [36, 37]. However, the inclusion
of strange quarks introduces hyperons, for which the nu-
clear interactions are not well understood. This leads
to the introduction of additional free parameters, com-
licating the analysis in this paper. Recently, there have
been developments in mean-field approaches to quarky-
onic matter [38, 39] as well. However, we note that there
are no such models that dynamically set the neutron
shell width like the excluded volume model we present
here. We, therefore, leave the analysis of such mod-
els for future work. The quarkyonic model described in
this section was shown to be in agreement with neutron
star mass-radius data [23] for Ag close to the QCD scale
and ng of the order of the nuclear saturation density.
In the next section, we are going to be agnostic about
these and the other model parameters and extensively
investigate what astrophysical data tells us about their
values, as well as the macroscopic significance of the
quarkyonic matter model, using a Bayesian approach.

B. Bayesian Inference

By using Bayes’ theorem, the posterior p(@d,?—[) on
a set of parameters 6 under the hypothesis H and with
data d is given by

- ~ p(d|f, H)p(6]H) + _ L(0)m(0)
p(0ld, H) = p(d—|H) —P0) = -z

(23)
where P(6), £(6), 7(6), and Z are the posterior, like-
lihood, prior, and evidence, respectively. The prior de-
scribes our knowledge of the parameters before any ob-
servations. The likelihood quantifies how likely the hy-
pothesis can describe the data at a given point 6 in
the parameter space. Finally, the evidence, also known
as the marginalized likelihood, marginalizes the likeli-
hood over the whole parameter space with respect to
the prior, i.e,

Z = /v 0L (0)r(6). (24)

Two hypotheses, H; and Hs, can be compared by
calculating the odds ratio between them, O}, given by

0l = p(d[H1) p(H1)

D) pa) = 2212 (25)




where B} and II3 are the Bayes factor and prior odds,
respectively. If O3 > 1, H; is more plausible than H,,
and vice versa. Throughout this work, the prior odds
is set to 1, in which case the Bayes factor is the same
as the odd ratio.

To combine multiple independent observations, we
express the likelihood as

) =T £:0), (26)

where £;(6) is the likelihood corresponding to the i-th
observation. Therefore, the combined posterior P(0) is
given by

@="Ie@. e

C. Implementation

The Nuclear-Physics Multi-Messenger Astrophysics
framework NMMA [40, 41] has been known for its
capability and flexibility of including various multi-
messenger astrophysical observations, nuclear-theory
calculations, and heavy-ion collision experiments [42].
Here, however, we only consider the astrophysical ob-
servations to constrain our theoretical model so that we
obtain an astrophysics-only motivated result.

To calculate the likelihood for different observational
data given the quarkyonic EOS model, a similar ap-
proach as in previous works is used [43-46]. In par-
ticular, the likelihood of the EOS parameters E =
{a,b,ng, Ao} given the i-th observation is given by

gtllacro E
/ s T Ol B g

77( macro)

where Oyacro, W(Gmacro|E) and W(Gmacro) are the macro-
scopic parameters of interest, and the priors on é;nacm
with and without an EOS imposed, respectively. The
inference logic is summarized in Fig. 2. The joint pos-
terior is explored using the Nested Sampling algorithm
Multinest [47] implemented in PyMultinest [48, 49].
The details of the likelihood evaluation for each obser-
vation are described in the following.

1. PSR J0348+4032 and PSR J1614-2230

The radio observations on PSR J0348+4042 [10], and
PSR J1614-2230 [33] have provided a lower bound on
the maximum mass of a neutron star. For these two
observations, the mass of the pulsar is the macroscopic
parameter of interest. The likelihood is given by

@w4m=/ dmP(m[PSR—j),  (29)
0

J0740 + 6220

Glﬂbfb@t

L = Lnxicer X Lpsr X Lawiooazs X Lawirosir X LaT2017g60

J0030 + 0451

GW190425

D)

GW170817

FIG. 2. The inference logic of our multi-messenger analysis.
Each shaded node corresponds to parameter(s) to be sam-
pled. The unshaded nodes refer to the latent parameters
calculated based on the sample parameters and required
for the likelihood evaluation. An arrow pointing from A
to B refers to B depending on A. The NICER likelihood
LNICER = £J0740+6620 X ﬂjoogo_;_04517 and the PSR likelihood
Lpsr = £J0348+4032 X L31614—2230. In total, eight neutron
stars are taken into account for the analysis.

where P(m|PSR—j) is the posterior distribution of the
pulsar j’s mass, and Mmpyax is the maximum mass sup-
ported by the EOS with parameter E. We approxi-
mate the posterior distribution of the two pulsars to be
Gaussian with the reported values and 1-0 uncertainty,
similar to Ref. [40].

2. PSR J0030+0451 and PSR J074/0+6620

The Neutron Star Interior Composition Explorer
(NICER) mission aims to measure both the masses and
the radii of pulsars. It has provided estimates for the
mass and radius for the pulsars J00304-0451 [29, 30] and
J0740+6620 [31, 32]'. For J0740+6620, data from the
XMM-Newton telescope [51, 52] has been additionally
used for improving the total flux measurement.

The corresponding likelihood for the NICER mea-
surement of pulsar j is given by

LNICER—j (E,m)
7(m, R|E)

= /dR Pnicer—;(m, R) ~(m, RIT)

(30)
x /dR Pxicer—j(m, R)S(R — R(m, E))

X PNICER*j (m7 R= R(ma E)) )

where Pnicer—;(m, R) is the joint-posterior distribu-
tion of mass and radius as measured by NICER and

1 An update of the NICER analysis on J07404+6620 is presented
in Ref. [50]. Due to the agreement between the previous results
and the updated one, here we are using the previously original
results.



we use the fact that i) the radius is a function of mass
for a given EOS, and ii) the prior for the mass and
radius is taken to be uniform in Refs. [29-32].? Sim-
ilar to Ref. [42], we use the results of Ref. [29] for
PSR J0030+0451, while for PSR J0740+6620 we av-
erage over the results presented in Refs. [31] and [32].

3. GWI170817 and GW190425

By analyzing the gravitational-wave signals
GW170817 [24] and GW190425 [25], the masses
m; and the tidal deformability A; of the two neu-
tron stars in the binary can be estimated®. The
corresponding likelihood is given by

- w(mi, Ai|E)
ﬁgw,j(E,ml) /dAz(mi,A<|I)

o TL A — Ay B))
‘/‘“ w(Asfmi T)

Paw—j(mi, A;)

w(mi| B)
>< _—
m(mg|I)
Paw—j(mi, A;)
7T(Ai|7 myi, I)

Paw—j(mi, A;)

)

Ai=A(m;;E)

(31)
where Pgw—;(m;, A;) is the joint-posterior distribution
on mass and tidal deformability of the binary neutron
star 7 measured by its gravitational-wave signal. We
use that the tidal deformability is a function of mass
for a given EOS. For both events, we use the publicly
available posterior samples [57, 58].

4. AT2017gfo

For analyzing the observed kilonova AT2017gfo, we
have done the Bayesian inference with a Gaussian like-
lihood function given by

7sest /7 2
Ly (0) x exp 732 (W) . (32)
1] K3
where m] and o] are the observed apparent magnitude
and its correspondlng statistical uncertainties, at ob-
servation time t;, respectively. Moreover, m? st are the
theoretically predicted apparent magmtudes for a given

2 The mass measurement for J07404-6620 using radio observa-
tions [53] is taken as the prior on the mass for the NICER
analysis on J07404+6620 [31, 32]. Hence, we consider it to be
part of the NICER likelihood for that star. Therefore, the prior
on the mass of J07404-6620 can be considered uniform.

3 Note that it was also proposed that GW190425 originated from
a neutron-star-black-hole merger [54-56].

filter j (a passband for a particular wavelength inter-
val).

For this analysis, the model presented in Ref. [59]
is used. For this model, the macroscopic parameters
of interest are the dynamic ejecta mass mgjy " and the

wind ejecta mass mgind. The dynamic ejecta refer to
the material ejected during the merger via torque and
shocks while the wind ejecta refer to material released
from the disk formed during the merger.

In order to connect the ejecta masses with the EOS
and the masses of the two neutron stars in the binary,
fits to numerical-relativity simulations are used. For

the dynamical ejecta mass mdyn the fit formula is given
by [60]
md'ygt "
== o+ b C 1452
IO*SM@ <Cl + (m1> tel +( A )’

(33)
where m; and C; are the masses and the compactness
of the two components of the binary and the best-fit
coefficients are given by a = —9.3335, b = 114.17, ¢ =
—337.56, and n = 1.5465. As presented in Ref. [60], this
relation provides an accurate estimation of the ejecta
mass with an error that is well-approximated by a zero-
mean Gaussian with a standard deviation of 0.004M,.
Therefore, the dynamic ejecta mass is described by

me’™ =mE + o, (34)
where a ~ N (u = 0,0 = 0.004Mg).
For the wind ejecta mass, we assume it to be propor-
tional to the disk mass,

my™ = ¢ X maisk st (35)

where ¢ is an independent parameter in [0,1). To es-
timate the disk mass mgjsk, we follow the relation pre-
sented in Ref. [40],

Mdisk, fi
o (950 ) (30)

_ -1
max (3, a (1 + btanh (C (1 —;mz)Mthr)>) ,

with a and b given by

=a, +da- § )
37
b=b,+db-&. (37)
The parameter £ is given by
1
5 = _ tanh (ﬂ (q - qtrans)) ) (38)

2

where ¢ = ma/my < 1is the mass ratio and 8 and Girans
are free parameters. The best-fitting parameters are
a, = —1.725, da = —2.337, b, = —0.564, b = —0.437,
¢ = 0.958, d = 0.057, 8 = 5.879, qtrans = 0.886. The



Parameter | Prior
a Uniform(—50MeV, 50MeV)
b Uniform(—50MeV, 50MeV)
no LogUniform(10 ™ ?ngat, 20nsat)

Ao LogUniform(10™°GeV, 10GeV)

TABLE I. Priors imposed for the EOS parameters in the
analysis. “Uniform(a,b)” is a uniform distribution in the
range of [a,b) and “LogUniform(a,b)” is a log-uniform
distribution in the range of [a,b). Therefore, if z ~
LogUniform(a, b), log x ~ Uniform(loga,logb).

threshold mass My, is estimated to follow the predic-
tion presented in Ref. [61]. Because a fitting error in
the disk mass is degenerate with the proportionality
parameters ¢, no additional error parameters, similar
to « introduced in Eq. (34), are included. We point
out that the relations Egs. (34) and (36) are generally
calibrated to a large set of numerical-relativity simula-
tions covering a large range of the parameter space, and
while these relations are found to be ‘quasi-universal’,
i.e., applicable independent of the exact EOS, they have
not been tested against quarkyonic binary neutron stars
mergers, which could result in a hidden systematic un-
certainty in our analysis.

The likelihood for the EOS parameters E and the
component masses of the two neutron stars, m; is given
by

Lar2017gt0(E, mi, v, €) (39)

d . =
ﬂ-(mejyna ngmd|E7 ms, &, C)

4 .
= / dmg)™ dmy™ P —
WI1n
m(me ", myme|I)
P dyn wind
X PaT2017gf0 (M) s M5 )

dyn wind

X PAT2017gfo(mej y Mg )|m:jy”:m:jyr’(ﬁ,mi,a),m‘e"‘“d(ﬁ,mi,g) .
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III. RESULTS

In the following section, we discuss the results of
our analysis of astrophysical multi-messenger observa-
tions when applying the quarkyonic EOS model. As
mentioned in Sec. II C4, the ‘quasi-universal’ relations
needed for analyzing AT2017gfo have not been tested
against the quarkyonic model. Therefore, we report re-
sults without the inclusion of AT2017gfo as our main,
conservative results and results with the inclusion of
AT2017gfo in parentheses. All quoted values are medi-
ans with their 95% credible intervals unless mentioned
otherwise.

A. Estimation on EOS parameters

The priors for the EOS parameters @, b, ng, and Ag
are defined Tab. I. Additionally, we impose that

e each parameter sample results in a valid EOS, i.e.,

— the crust and core EOSs intercept, and

— the EOS explores densities beyond the
neutron-star crust,

e and the EOS produces stable neutron stars, indi-
cated by a stable M-R-A curve.

In Fig. 3, we show the priors and the posteriors with
their median values and with the uncertainty quoted at
95% credibility.

The posterior on a_skews towards positive values,
while the posterior on b is centered around 0, with both
of them having sizeable uncertainty. This shows that
interactions with higher-order density dependences be-
tween neutrons are not pronounced within this model.
This finding can be attributed to the relatively low
ng, which indicates the characteristic density at which
quark matter starts to appear. This low ng causes the
quark part of the EOS to dominate over the neutrons’
interactions. However, we note that there are large un-
certainties in the neutron matter parameters a and b,
mainly due to the fact that we have only used astro-
physical observations to constrain them.

More interestingly, we find that the parameter ng is
favored to be on the order of a few times the nuclear
saturation density, which is comparable to the densities
reached inside the heaviest neutron stars. This implies
that, assuming our quarkyonic matter model describes
supranuclear-dense matter, there will be a significant
amount of quarks in the core of neutron stars with
masses in the two-solar-mass range. We will investi-
gate this in more detail in the next section.

Finally, we comment on the parameter Ag. As men-
tioned in section IT A 2, the inclusion of Ay was moti-
vated by regulating the infrared divergence that occurs
at low densities due to the non-perturbative effects of
QCD. We, therefore, expect that Ag =~ Aqcp. If we
take Aqep to be defined by the Landau pole of the QCD
strong coupling, one finds Aqcp =~ 200 — 400MeV, de-
pending on the renormalization scheme used [62]. This
is indeed consistent with what we obtain for Ag, as seen
in Fig. 3. We emphasize that although this is an ex-
pected result, the value of Ag is extracted completely
by comparison with astrophysical data. It is interest-
ing and reassuring that observations of neutron stars
can constrain this microscopic parameter of our model
in a way that is consistent with expectations from QCD.
This is because the confinement scale is important for
the high-density behavior of the EOS, which, in turn,
has a high impact on the mass of a neutron star. Con-
versely, this explains, in part, why we are not able to
constrain a and b very well, as they mostly describe the
low-density behavior of the EOS. These findings are
consistent with similar results showing that the corre-
lation between the low- and high-density EOS can be
broken in neutron stars [63, 64].
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FIG. 3. Posterior on the microscopic parameters of the quarkyonic EOS model. The 2D contours are shown at 68% and 95%
levels. The priors on each of the parameters are also shown (grey). In addition to the distributions shown in Tab. I, the priors
shown additionally impose that the resulting EOS can support a neutron star.

The posterior of the radius of neutron stars as a
function of mass is shown in Fig. 4. Within this
quarkyonic-matter model, the radius of a 1.4Mg neu-
tron star, R; 4, is estimated to be 13.44ﬂ:g?1(13.54ﬂj83)
km, at 95% credibility, without (with) the inclusion
of AT2017gfo; the kilonova observation significantly
tightens the radius constraint. The extracted value
for Ry 4 is higher than in previous estimations (e.g.
Tab. 1 in Ref. [41])*, reflecting the difference of
model-independent and model-dependent data analy-
ses of neutron-star observations, as well as the absence
of the constraint from chiral effective field theory at low
densities [14]. The latter also contributes to the wide

posteriors on @ and b.

4 Please note that the NICER collaboration recently published a
re-analysis of their observation of J0030+0451[65], which could
influence the inferred properties of a canonical neutron star.

B. Presence of quark matter

To study the presence of quarks in the core of neu-
tron stars, we estimate the maximum quark baryon
density max{ng} and the maximum quark-to-baryon
ratio max{ng /np}. That is, we consider the density
of quarks and quark-to-baryon ratio inside the center
of the neutron star with largest mass. The estimated
distributions of max{n$} and max{n{/np} are shown
in Fig. 5 and Fig. 6, respectively. In both cases, we re-
weighted the distributions to respect a log-uniform prior
to enhance the impact of astrophysical observations.
Based on the estimated distributions, the quarkyonic
model is predicting max{ng} 2> 1ng, and the ratio
max{ng /ns} 2 10%, showing a significant presence of
quarks within the most massive neutron stars.

To give a concrete picture of the abundance of quarks
in neutron stars, we further estimate the total mass that
the free quarks contribute to neutron stars, see Tab. II.
As expected, the quark core mass is low for most of the
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FIG. 4. Posterior on the neutron star radius as a function
of mass. The darker/solid (lighter/dashed) band shows the
68% (95%) credible interval of the radius at a given mass.
The prior band is shown in the 95% band.
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FIG. 5. Posterior on the maximum quark density observed
within a neutron star. The posterior and prior are re-
weighted such that the prior on the maximum quark density
is log-uniform, i.e., uniform in log ng.

neutron stars. However, PSR J07404-6620, which is one
of the most massive neutron stars observed, would carry
about = 0.05M, of free quarks, or & 2.6% of its mass.
For a neutron star at maximum mass, the quark core
can grow to =~ 0.13Mg, or =~ 5.9% of the stellar mass.
Moreover, a strong presence of free quarks shows a
correlation with macroscopic parameters. In Fig. 7,
we show a corner plot connecting the maximum quark
baryon density max{ng}, the maximum baryon density
max{ng}, the quark mass in the maximal-mass neu-
tron star Mq_gov and the associated radius Rrov. We
observe a strong positive correlation between the quark
core mass and the radius for the maximal mass neutron
star within the quarkyonic-matter model. Although it

TABLE II. Estimated quark core mass mg, within neutron
stars and the associated mass fraction mgq/m for the stars.

may seem counter-intuitive that stars containing quarks
have large radii, we note that a star’s radius is mostly
attributed to matter properties at intermediate densi-
ties. At these densities, the parameter ng roughly sets
the density at which quarks appear, leading to a sud-
den increase in the pressure gradient around np = ng.
The earlier this increase happens, the larger the radii
of the star will be. A larger radii is then consistent
with having more quarks, considering that the amount
of quarks inside a star is inversely correlated with the
no parameter.

C. Speed of sound and normalized trace anomaly

We further examine the speed of sound within neu-
tron stars and show it as a function of density in Fig. 8.
It is obvious that the quarkyonic-matter model violates
the conformal limit of ¢2 = 1/3 at about 3 times the nu-
clear saturation density, but the speed of sound drops
below that limit at higher densities. For comparison,
the range predicted by chiral effective field theory is
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FIG. 8. Posterior on the speed of sound ¢? as a function
of density. The darker/solid (lighter/dashed) band show

the 68% (95%) credible interval of the speed of sound at a
given density. The prior band is shown at 95% confidence
level. Moreover, we show the range predicted from the chiral
effective field theory calculation of Ref. [14] up to 1.5ngas.

also shown in Fig. 8, and is on the lower end of the
quarkyonic-matter prediction. The maximum speed-
of-sound, the densities at which the maximum occurs,
and the quark-to-baryon ratio at this density are shown
in the corner plot in Fig. 9. The estimate for the max-
imum speed of sound and its density agree with the
result reported in Ref. [66], in which a nonparametric
EOS model is used. The maximum speed of sound and
the quark-to-baryon ratio show a strong negative cor-
relation, reflecting the intuition that quark matter is
generally softer than nucleonic matter.

Recently, the authors of Ref. [67] suggested that a
peak in the speed of sound, as in Fig. 8, is a sign of
strongly-coupled conformal matter. This was demon-
strated by examining the behaviour of the normalized
trace anomaly, which is defined as

P

1

From the definition it is evident that, as matter ap-
proaches conformality, Ai;, — 0. FEven though the
speed of sound and the trace anomaly are closely re-

lated, the behavior at intermediate densities is different
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and provides complementary information. By express-
ing the sound speed in terms of the trace anomaly and
its derivative, Ref. [67] showed that the peak in the
sound speed is, in fact, not a violation of the confor-
mal bound, but it is a steep approach to the confor-
mal limit. In this work, we check this interpretation
by computing the trace anomaly as a function of the
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density, see Fig. 10, and comparing it with the behav-
ior of the sound speed. In Fig. 10, we show that at
n & 6Ngat, Ata — 0, as can be inferred from the be-
havior of the speed of sound in Fig. 8. However, at
intermediate densities, A, decreases towards its con-
formal value, exactly at those densities where we find
a peak in the sound speed. These results are similar to
what was observed in Ref. [67]. Note, however, that the
quarkyonic-matter model employed in this work does
not explicitly include any interactions between quarks
and therefore it cannot be interpreted as strongly cou-
pled matter. This suggests that inferring the presence
of strongly coupled conformal matter from neutron-star
observations is non-trivial since the corresponding char-
acteristic behaviour of the trace anomaly can also be
produced by weakly interacting matter.

Given the presence of quarks within the neutron stars
within the quarkyonic-matter model, we further inves-
tigate the consistency between the model and the per-
turbative QCD (pQCD) calculations of the EOS at
~ 40ng, [18]. Following the approach of Ref. [68], we
connect to the integral pQCD constraints of Ref. [69] at
the maximum-mass configuration because we are inter-
ested only in the EOS of stable neutron stars.” We use
the parameters associated with the maximally massive
neutron star, i.e., the associated central pressure prov,
the baryon number density nroy and the chemical po-
tential purov to check if a given EOS is consistent with
the high-density pQCD constraint by verifying

1. Apmin < PpQCD — PTOV < Apmaxa and,

2. nrov < nNpQCD,

where p,qcp and npqep are functions of pp,qep, which
is set to 2.6GeV. Furthermore, Apnin and Apya, are
calculated using Eqgs. (12) and (13) of Ref. [70] respec-
tively. If the proposed EOS satisfies both of the above
criteria, it has a consistency of 100% and 0% other-
wise. Since the pQCD calculation [18] depends on the
renormalization scale parameter X, we calculate the
consistency of a given EOS with pQCD by marginal-
izing over X ~ LogUniform(1,4). Given the posterior
samples, without (with) the inclusion of AT2017gfo, the
average consistency, i.e., the average of the aforemen-
tioned calculation over all EOSs, is 99.88% (99.89%)
with a minimum consistency of 93.9% (94.7%). There-
fore, we conclude that the quarkyonic-matter model is
consistent with pQCD calculations.

IV. CONCLUSIONS
In this work, we have studied a dynamic quarkyonic-

matter model for supranuclear matter inside neu-

5 See Ref. [70] for a similar analysis but with a matching density
of 10ngat.



tron stars. This model is employed within the nu-
clear multi-messenger astrophysics framework, which
includes radio and X-ray (NICER) observations of pul-
sars, gravitational-wave observations from binary neu-
tron star mergers, in particular GW170817, and elec-
tromagnetic observations of the kilonova associated
with GW170817. Assuming that the quarkyonic-matter
model describes neutron stars, we constrain the proper-
ties of quarkyonic matter using astrophysical observa-
tions. The main results can be summarized as follows:

e We constrained the four model parameters with-
out (with) AT2017gfo at 95% credibility to be

2.62115:83(3.52720-2T\MeV,
= —1.10752(~1.3075 70 )MeV,
np = 3.8673595(3.85 1% s ) ngat,

Ao = 306.51752%-57(305.76 710507 ) MeV. (41)

a
b

e The model is predicting a substantial presence of
quarks within neutron stars, in particular:

— The maximum quark baryon density exceeds
1nsat7

— The maximum quark-to-baryon ratio ex-
ceeds 10% and

— The mass contribution due to quarks can
reach & 0.13Mg, attributing to ~ 6% of the
neutron star’s mass.

e The quarkyonic-matter model predicts a peak in
the speed-of-sound in neutron stars, and the con-
formal limit is subsequently restored at ~ 67gxt.

e The quarkyonic-matter model predicts Ry 4 =
13.4471-59(13.547153) km at 95% credibility level,
without (with) the inclusion of AT2017gfo.

Our work demonstrates that the quarkyonic-matter
model can explain the current observations on neutron
stars and allows for a significant presence of quarks
within them. It is, therefore, a viable alternative to
other models, including free quarks.

Moreover, we have shown that the observations of
neutron stars constrain the nuclear equation-of-state at
higher densities, while the constraints at lower densi-
ties are weaker. At these densities, nuclear experiments
such as FOPI [71], ASY-EOS [72], or PREX [73], and
nuclear theory calculation, e.g., in the framework of
XEFT, have a larger impact on determinations of the
equation-of-state. Therefore, for a complete picture of
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the nuclear equation of state such constraints should be
included. In addition, recent observation of a low-mass
pulsar, HESS J1731-347 [74], can also shed light on the
constraint on nuclear matter at a lower density.
Although it is impossible to establish the existence
of quarkyonic matter with current neutron-star ob-
servations, future observations using next-generation
gravitational-wave observatories, such as the Einstein
telescope [75, 76] or Cosmic Explorer [77], will likely
provide crucial new data. Together with advancements
in theoretical nuclear physics, this will allow us to bet-
ter understand the nature of dense matter in the future.
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