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We present a model of cold QCD matter that bridges nuclear and quark matter through the duality
relation between quarks and baryons. The baryon number and energy densities are expressed as functionals
of either the baryon momentum distribution, fg, or the quark distribution, f, which are subject to the
constraints on fermions, 0 < f o < 1. The theory is ideal in the sense that the confinement of quarks into

baryons is reflected in the duality relation between f and f, while other possible interactions among

quarks and baryons are all neglected. The variational problem with the duality constraints is formulated and
we explicitly construct analytic solutions, finding two distinct regimes: a nuclear matter regime at low
density and a quarkyonic regime at high density. In the quarkyonic regime, baryons underoccupy states at
low momenta but form a momentum shell with fg = 1 on top of a quark Fermi sea. Such a theory describes
a rapid transition from a soft nuclear equation of state to a stiff quarkyonic equation of state. At this

transition, there is a rapid increase in the pressure.

DOI: 10.1103/PhysRevLett.132.112701

Introduction.—Understanding cold, dense QCD matter
is a difficult problem. Slightly above nuclear saturation
density, the importance of many-body forces complicates
the physical picture. The distinction between baryon and
quark degrees of freedom is not clear-cut and in fact a
proper description should allow a dual simultaneous
description of both quarks and baryons. This Letter
attempts such a dual description.

We construct such a dual model on the basis of very
simple principles. This model is analytically solvable. It
has its consequences that the high-density phase is “quar-
kyonic.” The notion of quarkyonic matter has emerged
from studies of cold, dense QCD in the limit of a large
number of colors, N, — oo, where the quark screening
effects to color confinement are suppressed by a factor
1/N.. At a finite quark chemical potential 4, the confine-
ment persists t0 pg ~+/N.Agep  (Agep =~ 300 MeV:
dynamical scale in QCD) until quarks Debye screen gluons,
while quarks establish the Fermi sea at much lower density,
with Ho ~ AQCD' At AQCD < 276} < \/]TCAQCD, there must
be quark matter with the confinement. This paradoxical
feature was resolved by assuming baryons as effective
degrees of freedom on top of a quark Fermi sea [1] (see,
however, Ref. [2]). This dual feature, with quarks and
baryons in different domains of momenta for a single phase
of matter, is suitable to describe continuous evolution from
nuclear matter to weakly coupled quark matter [3-8].

Models of quarkyonic matter are shown to reveal an
equation of state (EOS) that rapidly stiffens from low to
high density [9-15] (see also Refs. [16-21]) and therefore
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has features consistent with the observed properties of
neutron stars [22-35]. Notably, these features encompass a
rapid rise in the sound speed [36-49] and the vanishing of
the trace anomaly signifying the conformal nature of dense
matter [5S0-55] (see also Ref. [56]).

In this Letter, we present dynamical descriptions for
quarkyonic matter by making full use of the duality between
baryons and quarks [57,58] (see also Refs. [59,60]). The
baryon and energy densities are expressed by either baryonic
or quark degrees of freedom, characterized by the occupa-
tion probability of momentum states, f5(k) and f(q), for
baryons and quarks, respectively (the letters k and ¢ are used
exclusively for baryon and quark momentum, respectively).
Since baryons are composed of quarks, there is a relationship
between fg and fg, allowing a dual description without
double counting of quark contributions.

The simplest description one can imagine of such matter
is that except for the confinement of quarks into baryons,
interactions of quarks and baryons can be ignored. Such an
idealized matter we will call “IdylliQ” (ideal dual quar-
kyonic) matter. We formulate a variational problem to
minimize the energy density functional eg[fg] = £q[fq] for
a given baryon density ng, and determine the distribution
S8 and fq. Even such an idealized model is nontrivial due
to the duality relation and quantum mechanical constraints
0 < fop < 1. The quark substructure constraint is crucial
for rapid evolution of stiffness from nuclear to quark matter
[57,58]. For this IdylliQ model, we establish the momen-
tum shell of baryons on top of the quark Fermi sea as
schematically shown in Fig. 1. IdylliQ theory gives a novel

© 2024 American Physical Society


https://orcid.org/0000-0002-4580-4358
https://orcid.org/0000-0001-5656-3652
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.112701&domain=pdf&date_stamp=2024-03-11
https://doi.org/10.1103/PhysRevLett.132.112701
https://doi.org/10.1103/PhysRevLett.132.112701
https://doi.org/10.1103/PhysRevLett.132.112701
https://doi.org/10.1103/PhysRevLett.132.112701

PHYSICAL REVIEW LETTERS 132, 112701 (2024)

Nuclear fB 4
N
-t < ~ N3 —}7 >
Quarkyonic Ncq.bu 76
s fay
k~ N, qpy, o ?
5'[ Qb‘; (:1

FIG. 1. Evolution of fy and f from the nuclear (dotted) to
quarkyonic regime (solid). The saturation of quark states drives
baryons into the relativistic regime. Arrows in the rightmost
panels indicate increasing g.

alternative explanation for the previously proposed picture
of quarkyonic matter [1,9].

Duality.—We posit the duality relation between f for
quarks with a given color and fy for baryons as (notation:

Je= [{1a'K]/[(27)9]}) [57.,58]

2 H/[ <"_—>Lg[ s (1)

where ¢ is a single quark momentum distribution with the
flavor f and spin o in a single baryon state of a species i and
spin ¢’. Collecting quark contributions from each baryon
leads to quark distributions in dense matter. In this Letter,
we limit ourselves to symmetric nuclear matter and include
a spin-isospin degeneracy factor 4 in the expressions of
thermodynamic quantities, but elsewhere we drop the spin-
flavor indices f, o. The extension for multiflavors and
multibaryon species will be discussed in the forthcoming
papers.

The normalization is [, ¢(q) = 1. The dual expression
of the baryon number readily follows from Eq. (1) as

m =4 [ o) =4 / fala). 2)

The energy densities in terms of baryons and quarks are

enlfa] = 4 / Eg(K)fa (k).
eolfol = 4 / Eo(@)[Nefold)]. 3)

Remember f is defined for a fixed color, fqo = fg =
J§ = f§ with which ng = n§ = n§ = nd. A single baryon
is assumed to have the energy contributions summed from
N.-confined quarks, Eg(k) = N, [, Eq(q)p(q —k/N.).
Then a duality relation follows, &= eg[f] = £o[fq)-

As quarks are confined in a spatial domain of the baryon
size ~A61CD, quarks can be energetic and ¢(q) is spread to
momenta of ~Aqcp. The mechanical pressure inside of a
baryon is large.

In this Letter, going from low to high densities we keep
using the same ¢ determined in vacuum. Our main target
here is the transient regime from baryonic to quark matter,
where using ¢ for localized quarks may not be a bad
approximation. The structural changes in baryons, such as
swelling, would possibly increase the low momentum
components of ¢, but such modifications merely shift
the onset of quark matter formation to lower density.

Minimization of energy functional.—With duality (1) as
a constraint, we calculate the energy density ¢ for a given
ng. We consider energy functionals

&€= gB[fB”nB = SQ[fQ”nB’ (4)
and minimize them by optimizing f or f while holding
ng fixed. A novelty in our optimization program is that
the solutions are determined not only by the stationary
condition de/5f = 0 but also by the boundary conditions
fBgo =0 or 1. The thermodynamic energy density is
obtained by substituting the optimized distributions,
egos(ne) = es[fplln, = 8Q[f6”n3'

In practice, one can find the f and f¢, by minimizing

& = eg[f] — Agng = €qlfq] — Aqno. (5)
where Ag = N Aqg. It is tempting to identify the A’s as
chemical potentials and ¢ as the thermodynamic functional.
Unfortunately they do not satisfy the thermodynamic
relations if solutions are partly determined by the boundary
conditions. Hence, we use & only to find /3 and /7, and use
them in computations of eggg(ng).

Global constraints.—The constraints in our theory
appear global, as f at a given momentum depends on
fp for the entire momentum range. The variation leads to

O¢ o¢
5fa() 2R A —F

At momenta with 6¢/5fp o < 0, greater fp ¢ reduces & and
grows toward the boundary fg o = 1, while 68/5fp o > 0
drives g to the other boundary, f5 o = 0. We would get
the optimized distributions
55 (k) =0(ke k),  f§"(q) =0O(ge—q), (7)
where kg and gy are determined through Az = Eg(kg)
and Aq = Eq(qF)-
The above solutions are not usable everywhere. For
instance, f§" at large momenta is incompatible with the
sum rule (1); at large momenta (¢ > k/N,), the scaling
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should be f(gq) ~ npe(q). Another problem is that, if we
keep using f§" in the regime Agcp < kg < N Agep, then
J(0) ~ ngp(0) ~ ki / Adcp, violating fo <1 at g =0.
Our problem is to patch the candidates of solutions, found
from variational calculations and the boundary conditions,
into the form consistent with the duality constraints, and
then to minimize the energy.

Solvable model.—What makes the dual theory nontrivial
is its global nature. The difficulty lies in the reconstruction
of fg from a given fq. At high density we have good
reasoning to choose fo = 1 for some interval of ¢. But it is
difficult to tell which fg gives fo = 1 while not violating
fq <1 anywhere. To uncover the general features of the
dual theory, we choose a specific ¢ that reduces the global
problem to the one determining a couple of global con-
stants. We choose

272 e/
P3a(q) = FT/A ,

which is the inverse of a linear differential operator
L =-V2+ (1/A%). Applying this operator to the sum
rule (1), we find the local relation between fp and fq
(d=3),

(8)

fo(Neq) = 3 Lifo(a)] (9)

Here, we assume Eg(k) = \/k* + M3 with My being a
constant as we focus on the deconfining aspect. The single
quark energy can also be determined as
2 A2
MaA

d—1)A2
Eo = +/q* + M? 1—( - , 10
Q q + Q( q2 +M(2) (6]2+M(2))2> ( )

where My = Mg/N.. We note E,(q) > 0 everywhere.
We must examine which f, satisfies fg =0 or
= 1. For this purpose we introduce y, (q) = e*7/A/q,

which satisfies L[y,] =0. The boundary fg(N.q) =0

@) = ciyila) +ey_(a):
Meanwhile fg(N.g) = 1 can be obtained as fg“zl(q) =
N¢+d y,(q) +d_y_(q). The constants ¢, and d, must
be chosen to keep 0 < fo(gq) < 1.

Now we have exhausted candidates of local solutions for
fq: the boundary values fo =0, 1 and those dual to
fs =0, 1. The question is how to patch them. At momenta
where two different solutions meet, the second derivative
in L and the condition 0 < fg <1 demands fq to be
continuous up to the first derivative. For example, acting L
on a function fté” =1(q)O(gp, — q) generates the terms

7 (qvu)5(q = qvu) and 7(qpu)0'(q — Gpy)- To cancel such
delta’s violating the condition fg < 1, we have to add a

can be obtained as fg“

function fi5™ = &(¢)0(q — gyy) With &(gp,) = 1(qp,) and

& (quu) = 1'(quu)- We construct such a fJOlnl using solutions
ffB I and ffB*O‘

Transitions from baryonic to quark matter.—We go over
from a dilute baryonic matter to a dense quark matter by
patching the candidates of local solutions.

In dilute matter one can simply use the ideal baryon
gas fi®(k) = O(kp — k) and its dual expression f{J®.
This regime continues until ng reaches the upper bound.
It occurs first at ¢ = 0 when kg~ +/2/N.A or ng/ny =
2.58 x (A/0.4 GeV)? for N, = 3 (ny ~0.16 fm~>: normal
nuclear density). Note that this implies the saturation
density is parametrically small compared to the QCD
scale A3.

In the postsaturation regime, we can no longer use the
ideal baryon gas picture. For the low momentum part of f,
the only candidate is fo = 1. We found that the solution
must involve three segments (two segment models cannot
satisfy the continuity at the first derivative),

= 0(qoa — 9) + F3~ (0)O(qs — 7)O(q — Gvu)
+ £ (0)0(q = qun)- (11)

fQ(‘I)

where d__ in f{fzo must be zero. Its dual baryon distribu-
tion is (k = N.q, kpy = NcGous ksp = Neggn)

(k) = 1500k, = k) + Olky, = Ok — k). (12)

c

which is small in the bulk Fermi sea at k < k;,, but forms the
baryon shell with the maximum height at k,, < k < kg,
reproducing the form conjectured by McLerran and
Reddy [9]. This shape is energetically favored as fy and
fq are kept as compact as possible. Figure 2 shows the
forms of fi§® and f$® in the dilute regime at ng/ng < 2.6,
and the forms of f (12) and fq (11) in the postsaturation
regime at ng/ng = 2.6.

With four conditions from two junction points, one can
express ¢y, d_, and Ag = gy, — g, as functions of gg,.
The parameter gg, is determined by observing that the
08/6fg > 0 for Eg > g introduces the energy cost unless
fB drops from 1 to 0 at Az = Ex(N.qq,). Here, we display
only the equation to determine A as it is needed for
computations of EOS. The equation to be solved is

A + 9bu
A+ 9ou — (A + qsh)e

—AQ/A:NS' (13)

Below, we discuss the thickness of the baryon momen-
tum shell, Ag = N.Aq, which is obtained as a solution
of this transcendental equation. Close to the momen-
tum kg, = kg, at which fq saturates, we expand the
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FIG. 2. Evolution of fp(k) (left) and fq(g) (right) with increasing ng for A = 0.4 GeV.

equation with respect to 6k = kg, — kg, then the solution is
approximately

2k
Ap kg — 4| —— 8 Sk, 14
B \/ 1+ kg / (NeA) o

where we assumed ok < A and k,, < A then expanded
them up to O(k) and O(ki,), respectively. The kg,

derivative of Ag  \/dk diverges as 6k~'/2 for 8k — 0.
At large momentum, kg, > A, the shell thickness is

A A?

Apo~—t——.
N% chsh

(15)

It approaches constant for a large kg,.

Equations of state—We examine the unified EOSs.
Below quark saturation, the EOSs are simply those of
the ideal baryon gas, nXl°™ =2k}/3z% and ebeloV =
4 [, Eg(k)®(k — kg). Above the saturation, the bulk part
of fp is depleted,

ksh d3k 4 kbu d3k
above _ ¢4 — —
= [t

bu

ksh d3k 4 kbu d3k
above_4/ — FEn(k —/ ——=FEg(k). (16
¢ o, @ 2O o y Felk)- (16)

Because of the depletion, the growth of kg, increase ng more
slowly than in the presaturation regime, but the energy per
particle &/ng grows much faster in the postsaturation
regime. Accordingly the pressure P = n3d(e/ng)/ong is
large; the EOS is stiff.

It is important to examine whether thermodynamic
quantities are continuous at quark saturation. At saturation
kyy, = 0 in Eq. (16) so that ng and ¢ are continuous. Next
we check whether derivatives of ¢ with respect to np are
continuous. We first compute

b above 1 ok
P i M < (1 ——)k2 b (17)

okg, N3 ) P kg,

Because of the phase space factor ki,, at saturation
the second term specific to the postsaturation regime
vanishes, leaving continuous dng/dky,. Similarly de/okg,
is continuous and so are ug = de/ong and the pressure
P = ugng —¢. Note that this continuity, relying on the
vanishing phase space for k,, — 0, does not hold in 1 + 1
dimensions; indeed a 1+ 1 dimensional IdylliQ model
yields discontinuous ug, which is not permitted in the
thermodynamics.

In 3 + 1 dimensional IdylliQ theory, unfortunately the
continuity holds only up to the first derivative. The baryon
susceptibility yp has a discontinuity at saturation and so
does the sound speed »2. The susceptibility yp drops
discontinuously; this dropping should not be confused
with that in a second order phase transition where yg
jumps up. Figure 3 shows the behavior of »? as a function
of ng/n, for A = 0.4 GeV. Note that in our model, v? may

1.0

©
0
-

o
o
-

o
~
.

Sound speed v?2

o
N

_—
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0.0

FIG. 3. Sound speed o2

A =04 GeV.

as a function of ng/ng, for
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exceed the conformal value v = 1/3 even at high densities

where we expect it to be subconformal [3—8], depending on

the value of A. Also, as mentioned earlier, v2 is singular at

saturation and the parametric dependence of the singular
part, 2, on 5k is

kgpnkear dA 1 Jk

A2 sh¥sat B sat

~ ey 32 18
v M3 dkg, N3V 6k (18)

given that kg, ~ ko ~ Ne'/>A and Mg ~ N A.

Minimal corrections to IdylliQ model.—We outline how
the singular behavior of Ag and v? is remedied by
smoothing out the sharp edge of the baryon distribution.
As the divergent part of v? (18) is proportional to
dAg/dkg,, we focus on the singular behavior of Ag. We
define a function gq(k), which is the quark occupation at
the origin corresponding to the baryon Fermi sea filled up
to momentum k:

do(k) EA(p(%)@(k—k’). (19)

Below the saturation density, kgg = kg — O, the condition
folg =0) = 1 is equivalent to gq(kgg) — 1.

Above the saturation density, the condition fo(¢ = 0) = 1
becomes

salla) = (1= 5 )oalh) =1 (20

C

At saturation, this equation is equivalent to Eq. (13) that sets
the relation between kg, and Ag.

By taking the kg, derivative on both sides of Eq. (20), we
obtain

dbg(ks) NI golksn)
dksh B Ng - lgb(kbu)

+1, (21)

where gf,(k) = e /Nl 5 N k/A?. Near the saturation,
9o (kpy) ~ kpy < 5k'/? = 0 yields the singularity in
dAg(kg,)/dkg, and 92. The problematic Jo(k) o k scaling
comes from the 00 (k — k') /ok = 5(k — k') term that picks
out the integrand ~k”@(k'/N.) ~ k' exactly at k' = k. A
little smearing of the baryon Fermi surface cures this
problem: replacing ®(k — k') with a smooth function
gs(k — k') whose damping scale is ~kg;, one can make
9o(k) ~ kg finite for k — 0. In turn, at saturation we
have dAg (kg )/dkg, ~ —kg/kae and D7 ~ Mgk / kaie~
N3k /kgis. For the causal sound speed, the required
width is kg = N73kg,,, much smaller than the Fermi
momentum at saturation. We note that too large smearing
washes out the peak structure in v? by reducing the
disparity between the nuclear and quark pressure.

Viewing nuclear forces as quark exchanges would explain
the precursor behavior toward the quark regime. Leaving
aside the details of such smoothing, our theory firmly
establishes an inevitable stiffening caused by the quark
substructure.

Summary and discussions.—The description IdylliQ
matter we present is ultimately very simple. At low
densities, there is a filled Fermi distribution of nucleons,
and quarks may be thought of as degrees of freedom inside
the nucleons with momenta out to ~Aqcp. At some density
there is a transition characterized by the saturation of quark
states. At higher density, quarks form a filled Fermi sea
with an exponentially falling tail above some momentum.
In the dual description, baryons underoccupy a bulk Fermi
sea but form a fully filled shell at a Fermi surface. These
distributions are shown in Fig. 2.

We chose the specific model (8) for ¢ to solve the IdylliQ
theory exactly. The following findings should be universal
for other choices of ¢: (a) the saturation of the quark
distribution f, as demonstrated for different ¢ [57,58], and
the underoccupation of fy at lower momenta coming from
the quark substructure constraint; (b) the asymptotic
behavior of fo(g) ~ngp(g) at g — oo; (c) existence of
the shell structure in f§, energetically favored to make f a
more compact distribution. Actually these properties
largely survive for the IdylliQ model perturbed by wide
class of interaction functionals of f§ . Hence, the IdylliQ
model offers a good baseline for theories of quarkyonic
matter.

We thank Gordon Baym, Jean-Paul Blaizot,
Kenji Fukushima, Tetsuo Hatsuda, Masakiyo Kitazawa,
Rob Pisarski, Sanjay Reddy, and Volodya Vovchenko for
useful conversations. Y.F. is supported by the Japan
Society for the Promotion of Science (JSPS) through the
Overseas Research Fellowship. The work of Y. F. and L. M.
was supported by the U.S. DOE under Grant No. DE-
FG02-00ER41132. The work of T. K. was supported by
JSPS KAKENHI Grant No. 23K03377 and by the Graduate
Program on Physics for the Universe (GPPU) at Tohoku
University.

*Corresponding author: yfuji@uw.edu
Corresponding author: torujj@nucl.phys.tohoku.ac.jp
JkCorresponding author: mclerran@me.com

[1] L. McLerran and R.D. Pisarski, Nucl. Phys. A796, 83
(2007).

[2] V. Koch and V. Vovchenko, Phys. Lett. B 841, 137942
(2023).

[3] B. A. Freedman and L. D. McLerran, Phys. Rev. D 16, 1130
(1977).

[4] B. A. Freedman and L. D. McLerran, Phys. Rev. D 16, 1169
(1977).

[5] A. Kurkela, P. Romatschke, and A. Vuorinen, Phys. Rev. D
81, 105021 (2010).

112701-5


https://doi.org/10.1016/j.nuclphysa.2007.08.013
https://doi.org/10.1016/j.nuclphysa.2007.08.013
https://doi.org/10.1016/j.physletb.2023.137942
https://doi.org/10.1016/j.physletb.2023.137942
https://doi.org/10.1103/PhysRevD.16.1130
https://doi.org/10.1103/PhysRevD.16.1130
https://doi.org/10.1103/PhysRevD.16.1169
https://doi.org/10.1103/PhysRevD.16.1169
https://doi.org/10.1103/PhysRevD.81.105021
https://doi.org/10.1103/PhysRevD.81.105021

PHYSICAL REVIEW LETTERS 132, 112701 (2024)

[6] T. Gorda, A. Kurkela, P. Romatschke, S. Séppi, and A.
Vuorinen, Phys. Rev. Lett. 121, 202701 (2018).
[71 T. Gorda, A. Kurkela, R. Paatelainen, S. Sippi, and
A. Vuorinen, Phys. Rev. Lett. 127, 162003 (2021).
[8] T. Gorda, A. Kurkela, R. Paatelainen, S. Sdppi, and A.
Vuorinen, Phys. Rev. D 104, 074015 (2021).
[9] L. McLerran and S. Reddy, Phys. Rev. Lett. 122, 122701
(2019).
[10] K. Fukushima and T. Kojo, Astrophys. J. 817, 180 (2016).
[11] K.S. Jeong, L. McLerran, and S. Sen, Phys. Rev. C 101,
035201 (2020).
[12] D.C. Duarte, S. Hernandez-Ortiz, and K. S. Jeong, Phys.
Rev. C 102, 025203 (2020).
[13] D.C. Duarte, S. Hernandez-Ortiz, and K. S. Jeong, Phys.
Rev. C 102, 065202 (2020).
[14] T. Zhao and J. M. Lattimer, Phys. Rev. D 102, 023021
(2020).
[15] J. Margueron, H. Hansen, P. Proust, and G. Chanfray, Phys.
Rev. C 104, 055803 (2021).
[16] O. Philipsen and J. Scheunert, J. High Energy Phys. 11
(2019) 022.
[17] S. Sen and N. C. Warrington, Nucl. Phys. A1006, 122059
(2021).
[18] G. Cao and J. Liao, J. High Energy Phys. 10 (2020) 168.
[19] N. Kovensky and A. Schmitt, J. High Energy Phys. 09
(2020) 112.
[20] D.C. Duarte, S. Hernandez-Ortiz, K. S. Jeong, and L. D.
McLerran, Phys. Rev. D 104, L091901 (2021).
[21] D.C. Duarte, S. Hernandez-Ortiz, K. S. Jeong, and L. D.
McLerran, Phys. Rev. C 107, 065201 (2023).
[22] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, and J.
Hessels, Nature (London) 467, 1081 (2010).
[23] J. Antoniadis et al., Science 340, 6131 (2013).
[24] E. Fonseca et al., Astrophys. J. 832, 167 (2016).
[25] Z. Arzoumanian et al. (NANOGrav Collaboration),
Astrophys. J. Suppl. Ser. 235, 37 (2018).
[26] H. T. Cromartie et al. (NANOGrav Collaboration), Nat.
Astron. 4, 72 (2019).

[27] E. Fonseca et al., Astrophys. J. Lett. 915, L12 (2021).
[28] B.P. Abbott et al. (LIGO Scientific and Virgo
Collaborations), Phys. Rev. Lett. 119, 161101 (2017).

[29] B.P. Abbott et al. (LIGO Scientific and Virgo
Collaborations), Phys. Rev. X 9, 011001 (2019).

[30] B.P. Abbott et al. (LIGO Scientific and Virgo
Collaborations), Phys. Rev. Lett. 121, 161101 (2018).

[31] T.E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[32] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019).

[33] M. C. Miller et al., Astrophys. J. Lett. 918, L28 (2021).

[34] T.E. Riley et al., Astrophys. J. Lett. 918, L.27 (2021).

[35] G. Raaijmakers, S. K. Greif, K. Hebeler, T. Hinderer, S.
Nissanke, A. Schwenk, T.E. Riley, A.L. Watts, J.M.
Lattimer, and W.C. G. Ho, Astrophys. J. Lett. 918, .29
(2021).

[36] K. Masuda, T. Hatsuda, and T. Takatsuka, Astrophys. J. 764,
12 (2013).

[37] K. Masuda, T. Hatsuda, and T. Takatsuka, Prog. Theor. Exp.
Phys. 2013, 073D01 (2013).

[38] T. Kojo, P. D. Powell, Y. Song, and G. Baym, Phys. Rev. D
91, 045003 (2015).

[39] P. Bedaque and A. W. Steiner, Phys. Rev. Lett. 114, 031103
(2015).

[40] L. Tews, J. Carlson, S. Gandolfi, and S. Reddy, Astrophys. J.
860, 149 (2018).

[41] Y. Fujimoto, K. Fukushima, and K. Murase, Phys. Rev. D
98, 023019 (2018).

[42] Y. Fujimoto, K. Fukushima, and K. Murase, Phys. Rev. D
101, 054016 (2020).

[43] Y. Fujimoto, K. Fukushima, and K. Murase, J. High Energy
Phys. 03 (2021) 273.

[44] C. Drischler, S. Han, J. M. Lattimer, M. Prakash, S. Reddy,
and T. Zhao, Phys. Rev. C 103, 045808 (2021).

[45] T. Kojo, AAPPS Bull. 31, 11 (2021).

[46] C. Drischler, S. Han, and S. Reddy, Phys. Rev. C 105,
035808 (2022).

[47] T. Kojo, G. Baym, and T. Hatsuda, Astrophys. J. 934, 46
(2022).

[48] S. Altiparmak, C. Ecker, and L. Rezzolla, Astrophys. J. Lett.
939, L34 (2022).

[49] L. Brandes, W. Weise, and N. Kaiser, Phys. Rev. D 107,
014011 (2023).

[50] Y. Fujimoto, K. Fukushima, L.D. McLerran, and M.
Praszalowicz, Phys. Rev. Lett. 129, 252702 (2022).

[51] M. Marczenko, L. McLerran, K. Redlich, and C. Sasaki,
Phys. Rev. C 107, 025802 (2023).

[52] Y.-L. Ma and M. Rho, Phys. Rev. D 99, 014034 (2019).

[53] H. K. Lee, Y.-L. Ma, W.-G. Paeng, and M. Rho, Mod. Phys.
Lett. A 37, 2230003 (2022).

[54] C. Ecker and L. Rezzolla, Mon. Not. R. Astron. Soc. 519,
2615 (2022).

[55] E. Annala, T. Gorda, J. Hirvonen, O. Komoltsev, A.
Kurkela, J. Nittild, and A. Vuorinen, Nat. Commun. 14,
8451 (2023).

[56] R. Chiba and T. Kojo, arXiv:2304.13920.

[57] T. Kojo, Phys. Rev. D 104, 074005 (2021).

[58] T. Kojo and D. Suenaga, Phys. Rev. D 105, 076001 (2022).

[59] Y.-L. Ma, M. A. Nowak, M. Rho, and I. Zahed, Phys. Rev.
Lett. 123, 172301 (2019).

[60] Y.-L. Ma and M. Rho, arXiv:2104.13822.

112701-6


https://doi.org/10.1103/PhysRevLett.121.202701
https://doi.org/10.1103/PhysRevLett.127.162003
https://doi.org/10.1103/PhysRevD.104.074015
https://doi.org/10.1103/PhysRevLett.122.122701
https://doi.org/10.1103/PhysRevLett.122.122701
https://doi.org/10.3847/0004-637X/817/2/180
https://doi.org/10.1103/PhysRevC.101.035201
https://doi.org/10.1103/PhysRevC.101.035201
https://doi.org/10.1103/PhysRevC.102.025203
https://doi.org/10.1103/PhysRevC.102.025203
https://doi.org/10.1103/PhysRevC.102.065202
https://doi.org/10.1103/PhysRevC.102.065202
https://doi.org/10.1103/PhysRevD.102.023021
https://doi.org/10.1103/PhysRevD.102.023021
https://doi.org/10.1103/PhysRevC.104.055803
https://doi.org/10.1103/PhysRevC.104.055803
https://doi.org/10.1007/JHEP11(2019)022
https://doi.org/10.1007/JHEP11(2019)022
https://doi.org/10.1016/j.nuclphysa.2020.122059
https://doi.org/10.1016/j.nuclphysa.2020.122059
https://doi.org/10.1007/JHEP10(2020)168
https://doi.org/10.1007/JHEP09(2020)112
https://doi.org/10.1007/JHEP09(2020)112
https://doi.org/10.1103/PhysRevD.104.L091901
https://doi.org/10.1103/PhysRevC.107.065201
https://doi.org/10.1038/nature09466
https://doi.org/10.1126/science.1233232
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.3847/1538-4365/aab5b0
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac089a
https://doi.org/10.3847/2041-8213/ac089a
https://doi.org/10.1088/0004-637X/764/1/12
https://doi.org/10.1088/0004-637X/764/1/12
https://doi.org/10.1093/ptep/ptt045
https://doi.org/10.1093/ptep/ptt045
https://doi.org/10.1103/PhysRevD.91.045003
https://doi.org/10.1103/PhysRevD.91.045003
https://doi.org/10.1103/PhysRevLett.114.031103
https://doi.org/10.1103/PhysRevLett.114.031103
https://doi.org/10.3847/1538-4357/aac267
https://doi.org/10.3847/1538-4357/aac267
https://doi.org/10.1103/PhysRevD.98.023019
https://doi.org/10.1103/PhysRevD.98.023019
https://doi.org/10.1103/PhysRevD.101.054016
https://doi.org/10.1103/PhysRevD.101.054016
https://doi.org/10.1007/JHEP03(2021)273
https://doi.org/10.1007/JHEP03(2021)273
https://doi.org/10.1103/PhysRevC.103.045808
https://doi.org/10.1007/s43673-021-00011-6
https://doi.org/10.1103/PhysRevC.105.035808
https://doi.org/10.1103/PhysRevC.105.035808
https://doi.org/10.3847/1538-4357/ac7876
https://doi.org/10.3847/1538-4357/ac7876
https://doi.org/10.3847/2041-8213/ac9b2a
https://doi.org/10.3847/2041-8213/ac9b2a
https://doi.org/10.1103/PhysRevD.107.014011
https://doi.org/10.1103/PhysRevD.107.014011
https://doi.org/10.1103/PhysRevLett.129.252702
https://doi.org/10.1103/PhysRevC.107.025802
https://doi.org/10.1103/PhysRevD.99.014034
https://doi.org/10.1142/S0217732322300038
https://doi.org/10.1142/S0217732322300038
https://doi.org/10.1093/mnras/stac3755
https://doi.org/10.1093/mnras/stac3755
https://doi.org/10.1038/s41467-023-44051-y
https://doi.org/10.1038/s41467-023-44051-y
https://arXiv.org/abs/2304.13920
https://doi.org/10.1103/PhysRevD.104.074005
https://doi.org/10.1103/PhysRevD.105.076001
https://doi.org/10.1103/PhysRevLett.123.172301
https://doi.org/10.1103/PhysRevLett.123.172301
https://arXiv.org/abs/2104.13822

