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We study the phase diagram of (large-N_.) QCD using a simplistic holographic hard-wall model with a
dynamical scalar field and a homogeneous Ansatz representing a smeared instanton/baryon density. The
resulting phase diagram is qualitatively consistent with expectations, including a mesonic, baryonic,
quarkyonic, and quark-gluon plasma phase. As in other holographic models, we also find a baryonic
popcorn transition, which appears at large chemical potential as a crossover. We then evaluate the nuclear
matter equation of state, which turns out to be rather stiff with a large peaked sound velocity above the
conformal limit, construct corresponding neutron stars using the Tolman-Oppenheimer-Volkov equations,
and finally use a full numerical gravity/hydrodynamics computation to extract the gravitational wave signal

of neutron star mergers.
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I. INTRODUCTION

Determining the phase diagram of QCD, the theory
governing the constituents of nuclear matter at the funda-
mental level, is one of the most important issues in modern
theoretical physics, with applications to the cosmology of
the early universe, neutron stars, hadronic physics, cosmic
rays, heavy-ion collision experiments and more. The
confinement of quarks and gluons into hadrons and in
particular baryons is an essential feature of nature, which
allows the low-energy physics to be described in terms of
atoms, molecules and electrons with suitable theories at
those scales. This fact is strongly tied with asymptotic
freedom of QCD, which permits to describe the high-
energy processes with satisfactory precision using pertur-
bation theory. Unfortunately, ordinary matter is governed
by the low-energy limit of QCD, where the theory runs into
strong coupling and is tremendously hard to study theo-
retically. Brute-force numerical computations of QCD in
the version where spacetime is discretized on a lattice is so
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far the most reliable source of our knowledge about the
phase diagram of QCD. Unfortunately, lattice QCD works
well only for small or vanishing chemical potentials, due to
a technical problem known as the sign problem, which is
a severe obstacle to the convergence of the numerical
computations [1-3].

In 1997 an alternative toolbox became available to
theoretical physicists by the discovery of the AdS/CFT
correspondence by Maldacena [4]. In the original and most
precise version, it relates a particular conformal field theory
(CFT), namely 4-dimensional N =4 super-Yang-Mills
theory in the limit of large color number N, to supergravity
in 5-dimensional anti—de Sitter (AdS) space. The exciting
property about the correspondence or duality is that the
CFT at strong coupling is mapped to gravity at weak
coupling, which means that perturbation theory in the bulk
in a theory with one extra dimension can be used to
studying the field theory living on the boundary of AdS at
strong coupling. Conformal field theories do not possess
particles as we know them, but describe operators, their
fall-offs, and their anomalous dimensions. A large volume
of work in the past 25 years, however, has shown that
various deformations of the correspondence are possible,
which has led to enormous progress in the understanding of
strongly coupled gauge theories, see e.g., [5,6] for reviews.

There are basically two ways to use the holographic
correspondence to studying QCD, which are top-down or
bottom-up, both of which are often referred to by now as
holographic QCD. The top-down category of holographic
models are based on constructions in string theory that give
rise to QCD-like theories in the low-energy limit. The most
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successful of those is arguably the Witten-Sakai-Sugimoto
model [7,8], where flavor and color branes geometrically
describe the theory of strong interactions with chiral quarks
resulting from strings with one endpoint on a flavor brane
and one endpoint on the color branes, whereas gluons have
both endpoints on the color branes and are thus adjoint
fields. In the confined phase, the flavor branes and
antibranes corresponding to left and right-handed quarks
merge in the cigar-shaped bulk geometry and thus geo-
metrically explain non-Abelian chiral symmetry breaking.

A simpler holographic setup is inspired by the same
type of geometric construction and a particularly simple
model considered originally by Polchinski and Strassler
where the AdS space is cut off at a finite value of the
radial coordinate [9—12]. Meson and baryons were then
subsequently added to the model, providing the basis
of perhaps the simplest possible phenomenologically
viable holographic description of QCD and hadron
physics [13—17], which we shall take as basis for our
study. In contrast to the Witten-Sakai-Sugimoto model,
where deconfinement and chiral symmetry restoration
can be set up to occur at different temperatures [18,19],
the simplest version of the hard-wall model has them
locked together. In order to enrich the phase structure of
the theory also in the hard-wall models, we implement a
so-called double hard-wall condition, where the wall for
the gluons is kept at the hard-wall, but allowing for the
flavor gauge and scalar fields to end on a second hard-
wall, thus giving the possibility of separately adjusting
the deconfinement transition.

As is well known, the low-energy limit of the strong
interactions is sufficiently well described by only two
flavors of quarks, namely the up and the down quarks—
enough for describing proton, neutrons and pions. The
flavor symmetry of this low-energy sector is thus SU(2),
which in 4-dimensional spacetime possesses a topological
degree, which counts the number of instantons. In the
holographic context, the instantons in the bulk are identi-
fied as the baryons of the theory.

In this paper, we are interested in the part of the QCD
phase diagram where the chemical potential is finite to
large. For this reason, we employ a homogeneous Ansatz,
describing the instantons in the approximation suitable
for large densities or equivalently finite/large chemical
potential. By large densities, we mean larger than the
saturation density of nuclear matter but below the asymp-
totic, perturbative regime. The phase diagram we find is
rather rich, phenomenologically, and is consistent with
common lore for the different phases and their approximate
placement in the diagram [20,21]. Indeed we find mesonic,
baryonic and quarkyonic (baryonic popcorn [22]) phases as
we increase the chemical potential for small but finite
temperatures. For large temperatures, the model loses the
hard-wall as it moves behind the black hole horizon in the
bulk geometry and the theory is thus in the chiral symmetry

restoration phase. We nevertheless find a new speculative
phase transition at large temperatures for relatively large
chemical potential, where a kind of quarkyonic phase
appears in our model—in the sense that deconfined quarks
and baryons coexist—reminiscent of the quarkyonic phase
found in the Witten-Sakai-Sugimoto model in [23].

We use the model in the baryonic phase to calculate the
equation of state, which for a range of densities of order of a
few times the saturation density for nuclear matter is a
difficult region for other types of models to make pre-
dictions for. Indeed, traditional nuclear models are trustable
only at lower densities and perturbative QCD is trustable
only at much larger densities than can be realized in neutron
stars. Since already simple hard-wall holographic QCD
models have proven surprisingly successful in describing
low-energy hadron physics [6,24], it is interesting to
explore what they are predicting for the equation of state
in exactly such range of densities. The equation of state we
find in our simple model is rather stiff compared to other
holographic models in the literature' [27-29]; at any rate,
the behavior of the speed of sound having a large peak
before asymptotically tending toward the conformal value
cipp = 1/3 is a rather welcome feature. Whereas pertur-
bative quark matter that arises at sufficiently high baryonic
densities has a speed of sound below the conformal value, a
stiffer equation of state is required for the density ranges
of neutron stars’ cores to reach the observed masses of at
least 2 M, so that a peak structure at densities higher than
saturation is what is expected [30].

While our treatment does not take care of nuclear
matter at lower energies and would need substantial
refinements for including the outer regions of a
neutron star, we also use the obtained equation of state
to simulate a neutron star merger of two neutron stars
of 1.4 solar masses each at a separation distance of
45 kilometers and calculate the gravitational wave
spectrum using a full-fledged numerical gravity and
hydrodynamics code.

The paper is organized as follows. In Sec. II, we set up
the action of the model and introduce our notation and
conventions, whereas in Sec. III, we adapt the model to the
case of finite temperature, introduce a generalization of
the double hard-wall as well as a dynamical scalar. In
Sec. IV, we discuss baryonic matter in the confined and
deconfined phases and finally, in Sec. V, we calculate the
entire phase diagram of the model. In Sec. VI, we consider
neutron stars and their gravitational waves. Finally, we
conclude the paper with a discussion and an outlook in
Sec. VII. We have delegated details of the speed of sound at
large densities, the single instanton used to calibrate the
model, boundary conditions and the stress-energy tensor to
the Appendixes A, B, C and D, respectively.

'See also [25,26] for recent reviews on holographic modeling
of neutron stars.
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II. ACTION AND NOTATION

Largely following the setup and notation of [31,32], the
background geometry is taken to be that of a slice of AdSs
ending at bulk coordinate z, with curvature scale indicated
by L. We will work in the mostly minus convention (when
we do not Wick rotate) so that the metric assumes the form:

L2
ds* = = (dx,dx" — dz?).
z

(2.1)

The flavor field content is given by the presence of two
U(2) gauge vectors, Ly(x, z), Ry (x, z), dual to the left and
right-handed quark currents and a bi-fundamental complex
scalar ®(x,z) dual to the order parameter of chiral
symmetry breaking. The action can be divided into three
main contributions: a gauge part containing Yang-Mills-
like terms, Chern-Simons terms to account for flavor
anomalies, and a piece containing kinetic and interaction
terms for the scalar. The minimal action reads [31,32]:

S == Sg + SCS + Sq;, (22)

M 1. .
S, = _75 / d*xdz a(z) {Tr(LMNLMN ) + ELMNLMN

+{R < L}} , (2.3)
Scs = 12,;2 d“xdz%€MN0PQ£M{TT[LN0LPQ]
+lnolro = (R L), 24)
Se = Ms / d*xdz a3(2){Tr[(D);®) DM D]
— a*(z) M3 Tr[® @]}, (2.5)

where a(z) =%, Ly = L§;5 and Ly, are the SU(2) and
U(1) parts of the U(2) field Ly,
+Ly

Ly =LY% : (2.6)

| =

,Z.ll
2
whose field strength is £y;n = 9y Ly — OnLyr — i[Lyry L]
and analogously R,y is the field strength for the field R y,.
Dy ® is the covariant derivative defined by

For spacetime indices we use instead the following labels:
capital latin letters starting from M, N, ... run over all
four-dimensional space plus time, latin letters starting

from i, j... run instead over the three dimensions of space
transverse to the bulk direction. Finally, greek letters

starting from p,v,... run over the three dimensions of
space labeled by i, j, ..., plus time:

M.N,...=0,1,2.3.2, i.j....=1,2.3, p.v,...=0,1,2,3.

(2.8)

Requiring that the vector-vector correlator has the same
asymptotic short-distance behavior as in QCD fixes MsL =
N./(12z%) (in [14] this parameter is denoted by 1/g2).

To break chiral symmetry, the following boundary
conditions are imposed in [31,32] on the IR brane:

(LZ,M + Rzu) =0,

=R

(2.9)

(L,—R,)._. =0.

=R

(2.10)

As we will see, the homogeneous Ansatz we wish to use
cannot lead to a finite baryon density if both the above
boundary conditions are employed. Changing boundary
conditions can in principle introduce terms via the Chern-
Simons action that are not present in 4D QCD: we discuss
this aspect in Appendix C, while for now we just keep
Eq. (2.9), and will use another IR boundary condition on
the L;, R; fields to fix baryon number density.

The scalar field @, upon imposition of the boundary
conditions

AT
O(z = zyy) = <ZU—V> M,=; (2.11)
ZIR 2
1
O(z = zm) = £ 7. (2.12)
acquires a nontrivial vacuum as given in [32]:
2a AT
2R 2 1
o-ggen()
@) lelg - Z%Jo{/( q) ZIR 2
1 7 \A 1
+ e (ERM = 78 <—> =, (213
s @M A () 5 @)

that once the zyy — O limit is taken reduces to

@)= =) ()" oy (2) =0t

ZIR <R

with AT =2+ /4 + LM% =2+ a.
Here it was chosen to have the boundary condition as
1
D(zr) = +5§’ (2.15)

which is appropriate for the mesonic sector with both
M q,§ > 0 but, as shown in [31], there also exists a sector
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with the minus sign: it is in this sector that the single baryon
configuration exists. However, the homogeneous nuclear
matter Ansatz will not need this sign change: we will also
discuss this topic in Appendix C.

As can be seen, in the usual scenario in which
L>M?% = -3 (that is, for @ = 1), the vacuum of the scalar
reduces to the configuration

v(z) = My~ + (£=M,) <i> T e

<R <R

where we see the explicit dependence on the infrared
boundary condition of the parameter multiplying the cubic
term (holographically dual to the chiral condensate).

A. Infrared boundary condition
from a boundary action

In the previous sections we treated £ as a free parameter
that is determined just by fitting some phenomenological
data. As noted, in the chiral limit M ¢= 0 the parameter &
plays the role of the chiral condensate o. If the quark mass
is nonvanishing, then it can simply be regarded as the IR
boundary value of the scalar field, dual to a combination of
quark mass and chiral condensate.

However, following [33] the parameter £ can be thought
of as originating from a variational principle, by minimiz-
ing the energy with the addition of an IR localized
boundary term to allow for a nonvanishing ¢:

m2
Sk = 7%2 — A& (2.17)
Let us now analyze what happens in the simpler scenario in
which M3,L? = =3, M, = 0, a = 1; with these parameters
the vacuum of the scalar field is given by

z\31
o) =¢(— ) =, 2.18
@ =¢(Z) 2.18)
so that in the vacuum, £ is stabilized to
Lo,
& = (m = 3Ms/L), (2.19)

due to the IR potential. Also the value £ = 0 makes the
energy stationary, but it is a local maximum.

The parameters 4, m;, determine this value, but usually
only &, is relevant, so it is simply fitted, and the former
parameters are traded away. However, we note that in
nuclear matter the situation can and will change, as the
coupling between the scalar and the gauge fields can
introduce corrections to the stable value of £, potentially
restoring chiral symmetry for certain combinations of the
other parameters (chemical potential 4 and temperature 7'):
we will discuss this possibility in subsequent sections, after

introducing suitable Ansitze to account for the presence of
baryonic matter in the bulk.

III. HARD-WALL MODEL AT FINITE
TEMPERATURE

A. Hawking-Page transition

As shown in [34], the deconfinement transition happens
via a Hawking-Page transition from the cutoff thermal AdS
geometry to the AdS black hole geometry described by the
metric (not yet continued to Euclidean signature)

45 = ’Z‘—j (f(z)dtz _de - ;%) F@)=1- (i)“

(3.1)

The temperature of the dual theory is determined by the
periodicity of the Euclidean time coordinate 0 <z < 1/T,
which is unconstrained in the thermal AdS case, but fixed
in the black hole case by the regularity of the near-horizon
solution

(3.2)

For a critical value z,. of the horizon position, and thus for
a certain temperature 7,, the black hole phase becomes
energetically favored, hence the deconfinement transition.
This transition depends only on the cutoff scale z:

1 21/4
=gt T;=—.

3.3
2 20 ( )

Here z, is the cutoff for the geometry: we labeled it zj in
the previous section, here we introduce this new notation
in order to not make confusion in the next section, so for
the moment we have two names for two quantities, zjg (the
cutoff for the flavor fields) and z, (the cutoff for the
geometry), that are usually taken to coincide, see Fig. 1.

This evaluation also neglects the role of the vacuum
configuration of the scalar ®: its vacuum energy changes
the critical horizon coordinate to favor the confined phase
and introduces a dependence on zp in the expression for z,.:
however the trace of the scalar is proportional to N so it
would be of the same order as the backreaction of the fields
on the geometry, a correction we are neglecting in the
present work.

B. Double hard-wall model

One issue with the usual hard wall approach is that, as
can be seen by the previous section on deconfinement, the
critical value z. of the black hole horizon at which the
phase transition happens is always lower than the cutoff
Zo = zr- The horizon of the black hole, as soon as it
appears, hides the IR brane on which the spontaneous
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breaking of chiral symmetry is realized by the boundary
conditions of the gauge and scalar fields: this implies that as
soon as the theory undergoes a deconfining transition, it
also unavoidably restores chiral symmetry. However, in
general these phase transitions can be widely separated
[35]. To have a richer phase diagram with separate
confined, deconfined, and chiral symmetry restored phases,
we postulate that the geometrical cutoff and the gauge
cutoff do not coincide, so we keep the notation zjr for the
cutoff of the flavor gauge fields propagation which we
permit to be smaller than z, where the geometry ends.

This kind of construction looks artificial, but an analo-
gous configuration is actually realized in the top-down
holographic QCD model of Witten-Sakai-Sugimoto when
the flavor D-branes are not chosen to be antipodal: in this
configuration, the flavor gauge fields that live on the branes
also do not exist for all values of the radial coordinate.
Since the Hawking-Page transition is sensitive only to z(, to
have T, # T, we need to have

70 > 2V 4zk. (3.4)

Since our critical temperature corresponds to a critical
7, = 27/4z,, having a higher value of z, than in [34] (since
their z, corresponds now to our zjz ) means ending up with a
lower temperature for the Hawking-Page transition

21/4 1
T,="—<—~102.6 MeV,
o IR

(3.5)

departing even more from a phenomenologically accurate
value, if zjg is fixed by the mass of the rho meson to be

ZIR — L, L_l =323 MeV, (36)
as is usually done. An alternative way to look at this choice
without invoking a “double wall” structure, is simply to
take the deconfinement temperature to be a free parameter,
disregarding the dynamics of the deconfining Hawking-
Page transition and instead imposing the change in geom-
etry by hand: we will take this approach in drawing the
phase diagram, plotting temperatures as ratios of the critical
temperature T, = (7zz)~".

This choice will not affect the main results of this paper,
namely the equation of state of cold nuclear matter and
the properties of neutron stars, whose typical temperatures
are far below the scale of 7. and T, for which we shall
consider the model at 7 = 0. The benefit of having a setup
where the deconfinement temperature 7', is different from
the critical temperature 7', rather lies in reproducing the
analogous freedom that is found in the Witten-Sakai-
Sugimoto model with nonantipodal D-branes, thereby
permitting to see whether any of the features of the latter
can be reproduced in our much simpler model.

2yy R* |2uv R*
LM’ RM’ q) LM, RM’ CD
ZiR ZIR
Zh
12 12
20 20
z z
FIG. 1. On the left: a sketch of our extended hard-wall model,

with two separate cutoffs, zjg for the flavor gauge fields and z for
the bulk geometry formed by confined gluons. On the right:
the model after the Hawking-Page transition. The value of z,,
determines the temperature, deconfinement happens when
Zp < Z¢» While chiral symmetry is restored when z;, < Zjg.

C. Scalar thermal vacuum

We have already shown in Eq. (2.13) the vacuum
configuration of the scalar for nonvanishing M, and ¢ in
the truncated AdSs; geometry. Since we want to study the
theory also in the deconfined phase, we need to find the
vacuum configuration also for the thermal black hole
geometry, for the case in which the black hole horizon
lies beyond the IR-brane.

Parametrizing again (®) = v(z)1, the equation of
motion for the scalar alone is modified by the presence
of blackening factors f(z) as

4

9.(f(2)a*(2)0.v(2)) = Mga® (z)v(z) =0; f(z>:1—§_;g,

(3.7)

keeping the same boundary conditions provided in [32].
The presence of the blackening factors modifies the
configuration (2.13) by the introduction of hypergeometric
functions, so that a general solution reads

7\« 1 al a_  a/z)\*
—C (-1 () LR 522 -2 (2
=0 (2) o a5 -5 ()]

a2\ 2t 1 al a. a/z\*
C(-1)F (=) GF s+t 45— |
O (Zh> ? 1[2+4 2+4 +2 (Zh>]

(3.8)

with C|, C, integration constants (but potentially depen-
dent on T through z,) to be fixed by the boundary
conditions. Here we provide the full configuration for
our boundary conditions: we employ the following short-
hand notation

126014-5
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2+a 2+a 2+a
Fi(z)= Fl( , ) ,). (3.9)
2 4 4 2 g

Then the vacuum of the scalar in the deconfined back-
ground is given by:

v(z,T) = C'(§F_(zuv) — M F_(zr)) <i> 2+a2121§F+(Z)

+C N (M Zi8F (zR) — E284 F 1 (zuv))

z 2—a
X (—) F_(2), (3.10)
ZIR
with the constant C being
C= lelgF—(ZUV)FJr(ZIR) - ZIZJU{/F—(ZIR)FJr(ZUV)- (3.11)

IV. HOMOGENEOUS BARYONIC MATTER

From the holographic point of view baryons are solitonic
configurations in the flavor gauge fields: to build a many-
instantons configuration accounting for interactions and
minimization of the energy with respect to the moduli of the
solitons is extremely challenging, so usually an approxi-
mation scheme is necessary to extract some qualitative
result from the model.

Another possibility is to take the fields to only depend on
Z to begin with, instead of starting with individual baryons
and then performing some averaging. A configuration like
this? would, of course, be far from reality when densities
are low, but as the density increases the system tends to
look homogeneous up to very short distances in R3.

The benefit of using this approximation is threefold:
first, it reduces the number of variables in our equations of
motion, secondly it decouples the non-Abelian part of the
scalar field @ from the baryonic matter, hence allowing us
to only turn on its U(1) term, and lastly it allows us to
easily solve the equations of motion numerically without
fixing the configuration of certain fields, so that the
resulting field configuration will be a true classical solution
of the theory.

The gauge fields and the scalar are taken to depend only
on z, so as to reproduce a distribution of a large number
of baryons smeared in flat three-dimensional space. This
requirement alone, together with the condition (2.9) for the
gauge fields, and with M, = m1 for the scalar, enforces the
following form [32]:

L,=R,=0,

Z

(4.1)

’The same Ansatz has been employed to describe dense
nuclear matter within the top-down model of Witten-Sakai-
Sugimoto, see [36].

Ti A N
Li=-R;= —H(Z)§§ Lo =Ry =ay(z), (4.2)
1
The imposition of R; = —L; is also necessary in order to

obtain a nonvanishing baryon number. The field strengths
are then given by:

Li;=-R;, = H/(Z) E ’ (44)
H(z) ..

Lij = le = €']ka, (45)

i’Oz = R()z - _&6(Z) (46)

From now on we shall simplify our equations by setting

zuv = 0, zr =L =1. (4.7)
(zir =1 corresponds to measuring all dimensionful
physical quantities in some units essentially fixed by the
rho mass, to be fitted later, whereas L = z;x = 1 can be
achieved by appropriate rescalings.)

Given the Ansatz in the previous paragraph, we can
extract a one-dimensional effective Lagrangian density
from the model. It is given by

;C - ;Cg + ECS + ;Ccp, (48)

L, = —Msa(z)[3H* + 3H" - a2), (4.9)
3N

Lcos = 8;:2‘6 aoH*H', (4.10)

3 1 1
Ed) = —MSCZB(Z) l:EHza)(z) =+ EMSCO% + EMQ)QZ(Z)CU(Z) .

(4.11)

From this Lagrangian density we can obtain the grand-
canonical potential via the holographic correspondence as

Q:—V/dzﬁ.

A. Equations of motion

(4.12)

The set of equations of motion for the z-dependent fields
of the homogeneous Ansatz are easily obtained as:

6M30.(al2)H'(2) ~ 12a(2)MsH(2) ~ 2% a)(2)HE.(2)

(4.13)

—3Msa*(z)H(z)w} = 0,
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3N,

—2M50.(a(2)ag(2)) + 5

H*(z)H' =0, (4.14)

M;0.(a’ (z)wp) —3Msa* (z2) H? (z)wy — MsMga’ (z)wy = 0.
(4.15)

The boundary conditions in the UV descend from

Lﬂ|UV = R/A|UV =0 (4.16)
zov\2 1
Oy = (ﬁ) My (4.17)

and are thus translated into Dirichlet conditions for the
fields of the homogeneous Ansatz:

H(ZUV = 0) =0, (418)

a)O(ZUV = 0) =0. (419)
We also need to specify conditions for the IR boundary: for
the fields @(z) and a((z) we still make use of the original
boundary conditions, that is

1
O(zr =1) =¢5

> (4.20)

~

Lzu(ZIR = 1) = Rzﬂ(ZIR = 1) =0. (421)
As mentioned earlier, the only IR condition we have
imposed for the field H(z) is automatically satisfied by
construction. We still need one more boundary condition
for the field H(z) to be able to integrate the differential
equation: this freedom reflects the freedom that we have to
choose an arbitrary baryon number for the constructed
Ansatz. The baryon number is obtained as the topological
charge

- W d3xdz eMNPQTr[LMNLPQ —_ RMNRPQ]

3v [l

= — dzH'H?
47Z'ZA ‘

\%

= 3l (4.22)

Since H(0) = 0, the value of B can be fixed by H(1): since
we are working with an infinite volume it is more mean-
ingful to trade the global topological charge B with its
density d, obtaining the following boundary conditions for
H(1) at a given value of d, and for the other fields

H(zg=1)=42%d)5; a)(zr=1)=0; wy=¢& (4.23)

Note that the field a, appears only through its derivative:
we will thus be able to determine its shape up to an additive
constant. This is not unexpected, and is in agreement with
the holographic interpretation of such constant, that is,
the chemical potential up: it can easily be understood by
inspection of the Chern-Simons action, which reduces to a
coupling between g and the baryon number (density). We
are thus free to choose this value, as we are free to choose
the chemical potential we are working at. Furthermore,
since Eq. (4.14) contains the baryon number density (which
reduces to a boundary term upon integration), it can be
immediately integrated and solved for ag(z):

N, Hz) C
167°Ms a(z)  a(z)

ah(z) = (4.24)

The integration constant C can be fixed using the Neumann
boundary condition at z = zig = 1 for dy(z), and then the
Dirichlet condition for H(z):

c=- e H(1) =

N.d
167T2M5 ’

4Ms

(4.25)

So after all we can solve the two equations (4.13), (4.15)
[using (4.24)] to find H(z), w(z) and then plugging H(z)
into Eq. (4.24) together with the boundary condition
ag(0) = p to find ay(z). Note however that with this
notation, the integration constant u does not give the
physical chemical potential for baryons up, but is propor-
tional to it via

(4.26)

which will be important to take into account when fitting
the free parameters to obtain phenomenologically mean-
ingful quantities.

B. Confined phase

To move to the finite temperature theory we perform
a Wick rotation as r = —iz: because of this, the time
components of vector fields will be defined as Ly = iL,.
Keeping the same homogeneous Ansatz as that of Eq. (4.2),
but trading L, Ry for L,, R, = —iL, = —iay = a,, the one-
dimensional Lagrangians read

C == ﬁg + £CS + ‘Cibv (427)
L, = iMsa(z)[3H* + 3H? + a?], (4.28)
3N, .
Log = WaTHZH’, (4.29)
. 3 3 2.2 1 /2 1 2 2
Lo=iMsa’(z) |zH w5+ =05 +=Mepa*(2)wg|. (4.30)

2 2 2
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Consistency of the Chern-Simons term with the other ones
requires the field a, to be imaginary, so we rewrite it as
a, = —iay with ay(z) a real field. We then define the
Euclidean Lagrangian £ as £F = —iL. With these pre-
scriptions we end up with the very same form of the
Lagrangian as in the zero temperature scenario, and thus
with the same equations of motion: no temperature induced
corrections to the baryonic matter appear in this particular
phase. By substituting the numerical solution of the
equations of motion for this phase into the action, we
can compute the grand canonical potential.

C. Deconfined phase

When the geometry undergoes a transition to the black
hole background, the effective one-dimensional Lagrangian
(and correspondingly the equations of motion) change,
including additional blackening factors in some terms:

LE = LE+ L& + L5, (4.31)
LE = Msa(z)[3BH* + 3f(z)H? — &),  (4.32)
g (R
3N
Egs — —gzc&onH/, (433)

3 1 1
LE = Msd’(z) |~ H* o} + Ef(z)a)% +=-M%a*(z)0d|,

2 2
(4.34)
leading to the following set of equations:
6Ms0.(f(2)a(z)H'(z)) — 12a(z)M5H’ (2)
3N, .
— 52 A0()H?(2) = 3Ms5a* () H(2)wg = 0. (4.35)
o 3Ne o\
—2Ms0.(a(2)ay(2)) + ¢ H*(2)H' =0, (4.36)
M;s0,(f(2)a’*(z)wp) — 3Msa* (z) H? (z)wy
- MsM2%a’(z)wy = 0. (4.37)

Boundary conditions can be imposed as in the 7 =0
scenario. This time z;, (hence temperature) enters directly
into the equations of motion, so the corresponding nuclear
matter solution will have temperature induced corrections:
this translates in the phase diagram 7 vs p into the phase
transition line between mesonic phase and nuclear matter
phase no longer being a straight vertical line (a feature
already seen for pointlike instantons). Numerical evaluation
confirms this and also establishes the transition line
remaining of first order.

V. PHASE DIAGRAM

A. Chiral symmetry restoration at zero temperature

The presence of couplings between the scalar field and
H(z) implies that a finite density can indeed introduce
corrections to the stable value of & which is determined
in the vacuum by the IR boundary action (2.17) according
to Eq. (2.19).

To show how this happens, let us start from a simplified
picture, in which the value of £ does not affect the shape of
H(z): if this was the case, then the only relevant additional
term in the stabilization of £ would be given by the one that
explicitly contains wg(z)

3
ng = - §M5a3(Z)H2w(2)

3
= —§M5§2z3H2. (5.1)
Upon integration over z and exploiting the assumption that
0:H =0, we find the following stable value for ¢ that
minimizes the energy:

1

J = / dzz?H?, (5.2)
where 4 is the self coupling of £, see Eq. (2.17). The integral
J depends on the density and behaves roughly as d?/3,
but in general it is sufficient to note that it is a monotonic
increasing function of the baryon density. We note that in
nuclear matter we then have indeed a dynamical chiral
condensate. More interestingly, the additional term can in
principle allow for a restoration of chiral symmetry: if the
right-hand side of Eq. (5.2) becomes negative, this signals
that only the solution & = 0 survives, and it becomes a local
minimum. This would establish a critical density at which
chiral symmetry is restored even at zero temperature.

In reality, the function H(z) also depends weakly on &
and so does 7, so the behavior of the energy as a function
of d, & has to be evaluated numerically.

To perform the numerical analysis, we need to find a
scheme to fit the free parameters of the model. At this stage,
the free parameters are L, m;,, .. The parameter m,; can be
traded for the value of £ since it is obtained by minimizing
the energy. The most common fit for L has it chosen to be
L~! =320 MeV, to reproduce the p-meson mass, while the
parameter £ in the vacuum at zero temperature should be set

as’ & = 44/2: however in holographic models the fits of
the mesonic sector are often at odds with observables

>Note that with respect to [33] we have a definition of £ that
differs by a factor of v/2: this originates from the choice of the
boundary conditions of the scalar field, and on the different
normalization of the group structure of the fields, since we use
Tr7eT? = %6“" , while they use Tr7* TP = §9b.
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FIG.2. A 3D plot of the grand canonical potential at 7 = 0 as a
function of £ and d, at a fixed value of y = 5 for A = 0.001 and
my, = 0.512, in units where L = 1 (these values determine an
equilibrium value £ = 44/2 and are used in one of our choices of
calibration). Two local minima develop along the axes d = 0,
& =0, and p will determine their position along the axes and
which one is the global minimum. This general structure is not
modified by the choice of parameters or a finite temperature, but
the local minima may vary for different values of my, 4, T.

in the baryonic sector. Since in this work we are mainly
concerned with the physics of baryons, we choose a fit that
reproduces baryonic observables relevant to the construc-
tion of the phase diagram and neutron stars, keeping only 4
as a free parameter. We choose our parameters to reproduce
the mass of the baryon and the onset of the nuclear matter
phase, independently of the chosen A (neglecting binding

energy):

N,
—<pion = 939.56 MeV.

M:
B—

(5.3)
These two values are in principle not independent as they
must coincide, however since we employ the homogeneous
Ansatz, the system loses track of the mass of the single
baryon. In order to determine the mass of a single baryon,
we construct a single instanton holographically in the
theory, see Appendix B.

If we plot the free energy (see Fig. 2 for its complete
behavior for a particular choice of u) as a function of d, &,
we immediately note that the only two local minima lie
on the two axes d = 0, £ =0, so that the two phases of
the theory are one in which there are no baryons and
the chiral symmetry is spontaneously broken (d = 0 and
finite £), and one in which there are baryons and the chiral
symmetry is restored (finite d and £ = 0). Which one of the
two local minima is the global one depends on the chemical
potential .

To study the phases of this system we numerically find
those local minima (checking that this structure of local
minima holds true for each u), compare them, and
determine which one is the global minimum of the function
at each given value of y (note that the value of the minimum

on the d = 0 axis is independent on , but the one on the
& =0 axis is not). For the purpose of this work we have
chosen a nominal value of 4 = 0.002, a value close to the
small A limit which gives the best results for the mass-radius
relation of neutron stars among this class of calibrations.

B. Chiral symmetry restoration at finite temperature

We introduce temperature dependence by employing the
deconfining geometry of the AdS black hole. Naively chiral
symmetry is automatically restored as soon as the horizon
of the black hole reaches z, = z;g = 1 and hides the
boundary conditions for the scalar field ®(zz) = £1.
However, before this happens, the true minimum of the
energy can in principle be realized for £ = 0 even at lower
temperatures, depending on the u and 7 dependence of the
energy density. Because of the black hole metric, the IR
boundary term of the action is modified as

m2
SR(T) = [flzr =1) (7”52 - /1§4>- (5.4)

We find that this is indeed the case, and that the chiral
restoration transition once again coincides with a baryonic
onset, but this time the critical chemical potential u,(T')
is a strictly decreasing function of the temperature.
Interestingly, for 7 = T, the curve ends at a finite value
of pon(T.): this way our phase diagram shows a triple point
as expected for large-N,. QCD.

However, depending on the choice of the parameters, the
equilibrium value of & reaches zero for temperatures lower
than 7', in a second order phase transition: with our choices
the critical temperatures for this dynamical chiral restora-
tion is T = 0.939T ., for the parameter set that fits the
baryonic onset and baryon mass, and 7 = 0.9983T . (barely
visible in Fig. 6) for the one that gives more realistic
neutron stars. This is clearly an artifact of the model, but
may be interpreted as a trend toward a weakening of the
first-order phase transition around and below the value of u
at the triple point, which in real QCD should actually be a
critical endpoint.

C. Quarkyonic phase

We now turn our attention to the high y region: the
equilibrium density d is a monotonically increasing func-
tion of y, so this means also analyzing the solutions of the
equations of motion at high density. As we increase the
density, we observe a continuous deformation of the baryon
number density distribution, as it changes from being
peaked on the infrared brane, where its boundary condition
encodes the value of d, to a configuration where it develops
a second peak at a distance from the hard-wall which is
monotonically increasing with d (see Fig. 3 for a set of
density profiles where the peak development is manifest).
This appearance of a peak in the distribution at a finite
distance from the hard wall (in general, from the position
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FIG. 3. The baryon number density distribution in the holo-
graphic direction per unit baryon number at various densities
ranging from d = 0.1 to d = 10 (in units where L = 1). Colors
from blue to red indicate an increase in baryon density, and the
continuous development of a peak in the distribution away from
the infrared wall can be clearly seen, signaling a crossover to a
quarkyonic phase.

toward which the baryons are pulled by the gravitational
background) is reminiscent of the “popcorn transition” in
the nonhomogeneous scenario. It was argued that the
distribution in the holographic direction should be related
to a spectrum of energies for the condensed baryons [37],
so it is dual to a Fermi sphere. However the baryon at this
level is still a classical object, neither fermion nor boson,
so the fermionic nature has to come from quarks: this
transition then indicates the onset of a quarkyonic phase for
cold and dense nuclear matter [22]. The nuclear homo-
geneous matter in our model exhibits the same feature,
performing a (continuous) popcorn transition, where the
distribution of baryon charge density is gradually pushed
away from the infrared brane. This continuous distribution
is in contrast to the case of individual layers of baryons
considered in [22] where the position modulus in the
holographic direction is determined dynamically.
Because this is not a transition that we determine by
comparing order parameters, it should be regarded as a
crossover,4 with the exact value of yx at which it is
happening being set by our choice of the identification
of when we consider this popcorn transition to have
happened. Note that this would not be the case if we were
working within the single-instanton approximation, since
in that case we would be able to determine whether a single
layer or a double layer of instantons is favored at a given
density. The choice we employed in this work to draw a
crossover line in the phase diagram is to declare the
transition to happen when the baryon density distribution
is no longer a monotonic function of z, that is, when it

*For a different holographic realization of the quarkyonic
phase, see also [38].

develops a local maximum far from the infrared wall.
However, the presence of this phase has no impact on the
physics of neutron stars in our model, which we study
below, since the high densities at which this crossover
happens are never reached in their cores.

In [22] the baryonic popcorn transition was proposed as
a true phase transition from nuclear matter to quarkyonic
matter, whereas in our case these phases are strictly
speaking one. In fact, a continuity between the two has
been suggested by the lattice study of [39]. A characteristic
property of quarkyonic matter has been argued in [30] to be
a steep rise of the speed of sound after baryon on-set to
values of order one, above the conformal value ¢ = 1/3.
As we shall show next, this indeed happens in our model
quickly after baryon on-set, already before our analog of
the popcorn transition, with implications for neutron stars
like in [30].

D. Speed of sound

In early studies of holographic models, it was conjec-
tured that the conformal value of the speed of sound
presents an upper bound [40] for such models, but this
was disproved later by holographic models at finite density
[27,29,41-45].” In fact, the comparatively simple hard-wall
AdS/QCD model that we are studying here also provides
such a counterexample, which makes it possible to satisty
the empirical evidence from neutron stars that call for a
speed of sound above the conformal value [47-49].

In the 7 = 0 limit, the squared speed of sound can be
obtained from the simplified formula:

2= d (a—'u>
u\od

In Fig. 4 we plot the squared speed of sound in the baryonic
phase with the parameter choices described in the previous
section. As can be seen the speed of sound rapidly increases
above the sound barrier of ¢2 =1/3, to reach almost
double this value, then slowly decreases. This fits well
the expectations of [30] for a quarkyonic nature of nuclear
matter, which in our model is in fact continuously con-
nected to the baryonic popcorn phase. If the latter is
interpreted as a quarkyonic phase [22], nuclear matter in
our model may be viewed as always having a quarkyonic
nature. However, also in the Witten-Sakai-Sugimoto
model, where the quarkyonic phase obtained in [23] is
separated from the nuclear matter phase, a speed of sound
peaking to values above the conformal one has been found
in the ordinary nuclear matter phase [43] (albeit not as high
as in our model).

(5.5)

The Witten-Sakai-Sugimoto model also provides a counter-
example [28,43,46], but does not respect the requirement in [40]
of a four-dimensional conformal fixed point in the UV.
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FIG. 4. The squared speed of sound in the baryonic phase as a function of the chemical potential  (left) and density d (right) in units
where L = 1. The dashed sections represent unstable branches, never realized since at those chemical potentials the mesonic phase is
energetically favored. The colors correspond (as will throughout all this article) to the two fit choices we employed, that we call fit A
(blue) and fit B (red) in the next section. Where the curves coincide for the two fits, we draw a single purple line. The saturation density is
approximately at d, ~ 0.2 for the fit A, and at dy ~ 0.39 for the fit B. The behavior is not monotonic and it lies above the “sound barrier”
value of 1/3, reaching a maximum close to double this value, enabling the possibility of highly stiff equations of state.

Our numerical analysis indicates that for large u, the
squared speed of sound decreases continuously without
falling below 1/3. In Appendix A we argue that asymp-
totically the conformal value is reached, in contrast to the
Witten-Sakai-Sugimoto model, where the asymptotic value
of the squared speed of sound is given by 2/5 [46]. At any
rate, eventually perturbative QCD should take over, where
the conformal value is reached from below [50].

E. Above the critical temperature

When z;, reaches z, all boundary conditions that
encode spontaneous chiral symmetry breaking remain
suddenly hidden beyond a black hole horizon, effectively
keeping chiral symmetry restored in the theory for any
value of u. Note that an explicit breaking (absent in this
work) would be introduced via a quark mass which appears
in the UV boundary condition for the scalar, so the explicit
breaking cannot be undone (as expected). From these
considerations follows that we can always assume the
following boundary conditions for the scalar:

w(z4) = @o(0) = 0, (5.6)
and since its equation of motion is homogeneous, we can
always trivially solve it for
The presence of the black hole horizon forces us to choose
Dirichlet boundary conditions for the fields Lo, R, in the
infrared: the usual recipe is to set A()(ZIR) = 0; however, we
immediately see that this choice is not unique, since the
value of the gauge field is not gauge invariant. We could set

this value to any constant, modifying the interpretation of
the value AO(zUv) as the chemical potential. To avoid such
redefinition, we will choose:

~ N S

Lo(zn) = Ro(zs) =05 Lo(0) = Ro(0) = . (5.8)
Note that now the value of ¢ will determine the value of the
derivative ay’(z), so it will enter the dynamics of the fields.
Starting from the easier scenario of d = 0 (expected to
hold for low chemical potential) we can see how a quark
density arises: the equation of motion for @ in integrated
form reads
—2Msa(z)ay(z) = k, (5.9)
with k being an integration constant. If we were to impose
the usual boundary condition @y (zjr) = 0, then we would
conclude that k has to vanish for every temperature.
However, the IR boundary is now hidden behind the
horizon, where we have to impose a new boundary
condition. If we take as the boundary condition the
vanishing of the field on the horizon (while retaining the
UV boundary condition fixing y), then we end up with

2

N Z
ag(z) = —Mk + Hs (5.10)
4aM
k:Z—ZSﬂ = AMsn*Tu. (5.11)

h

We can see from the holographic dictionary that k is then
associated to the baryon density, a role played before by the
baryonic matter density from H(zg): in this phase we have
no baryon matter explicitly built into the fields (in fact, this
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density does not contribute to the topological charge), so
this contribution can be interpreted as coming from free
quarks—hence we identify the matter in this phase with a
quark-gluon plasma. This construction opens up a pos-
sibility for the presence of a quarkyonic phase along the
lines of [23], where in the top-down model of Witten-Sakai-
Sugimoto, baryons are included forming a symmetrical
layer far from the branes’ joining point. For us, this
amounts to relaxing the assumption that solitons are located
on the IR brane (that is inaccessible in the chirally restored
phase) and include both their contribution and that of free
quarks in the equation of motion for the field a.

To do so, we turn on the SU(2) fields with boundary

conditions (i.e., adding “hair” to the AdS black hole)

H(0)=0;  H(z,) = (422d)3, (5.12)
and we solve again numerically the coupled system of
H,ay, choosing d that minimizes the grand canonical
potential. The numerical evaluation leads to the conclusion
that a phase with both baryons and free quarks arises at high
chemical potential for every temperature above 7., with the
transition curve being almost a straight line in the y — T
plane (see Figs. 5 and 6). The transition is of first order,
and the baryonic matter appears always with its distribution
peaked at a finite distance from the horizon, signaling a
quarkyonic nature of this phase, which is marked
“quarkyonic*” in Figs. 5 and 6.

While Fig. 5 shows the qualitative structure in the single-
wall case (zgp = zjr), where there is no temperature
dependence for 7' < T, Fig. 6 shows the numerical results
obtained for one arbitrary choice of T, < T, and the
resulting temperature dependence of the otherwise straight
lines separating mesonic and baryonic phases and the
baryonic popcorn crossover. The two sets of choices for
the free parameters we employed here (and that we will
employ in the next section) are the following:

FitA: L7'=186MeV; 1=2x107%; &=1.05, (5.13)

Fit B: L=! = 150 MeV; AEY = 1.024, (5.14)
where the fit A indicates one that correctly reproduces the
baryon mass and the critical chemical potential for the
baryon onset, and the fit B is chosen as an example of a fit
that produces an equation of state which lies as much
as possible within the constraints by observational data
from neutron stars. For fit A the values of &, and 4 are
independently relevant, since the combination %Mfg is the

depth of the potential well set by the infrared potential

®The results above are obtained in the absence of isospin
chemical potential: for the derivation of a phase diagram within a
holographic bottom-up model which includes effects of a finite
isospin chemical potential, see [51].

T,
20
=0
15} d=0 =0
k>0 d>0
k>0
1.0
&0 =0
05 d=0 ds0
k=0 k=0
o.olll|ll|III|III|III|.III|III|II“
o 2 4 6 8 10 12 14

FIG. 5. Phase diagram in the case of holographic QCD with a
single IR wall (zy = zjg) with g in units of L™!; £ is the order
parameter of chiral symmetry, d and k are baryon and deconfined
quark densities, respectively. The vertical line for T/T,; < 1
represents the first order transition to nuclear matter and chiral
restoration, while the dotted line marks a crossover to a regime
similar to the baryonic popcorn phase of [22]. For T/T, > 1 and
sufficiently large u there is a phase of coexistence of deconfined
quarks and baryons.

(and as such it governs the value of the baryon onset), while
only &, enters the mass of the single baryon calculated in
Appendix B. For fit B instead only the value A&} enters the
calculations through the value of the baryon onset, since the
baryonic phase always sets & = 0.

It should be noted that the phase diagram that we have
obtained here does not include backreactions of the flavor
physics on the geometry, which is always AdS. These
backreactions will certainly become increasingly important
as the baryon density is increased such that the phase
transition at 7/T,. = 1 acquires a nontrivial dependence
on u. The expectation is that 7T.(u) decreases with
increasing u. If so, the phase diagram that we have obtained
in Fig. 6 in terms of T/T. vs u could be mapped to one in
terms of 7" vs u where the horizontal lines bend down at
large p, and if its structure remains intact it could be
interpreted as predicting a phase transition inside the
baryonic phase, where the latter does not need to extend
to high absolute temperatures but could in fact be restricted
to the low-temperature domain.

VI. NEUTRON STARS

In the following we shall take the above results for the
low-temperature equation of state at face value and con-
sider the consequences for a toy neutron star formed by the
corresponding baryonic matter. Unlike the holographic
models reviewed in [25,26] we refrain from matching to
realistic equation of states for conventional nuclear matter
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FIG. 6. Phase diagrams of holographic QCD from the double hard-wall model (right panel with y in units of L~!, left panel in physical
units). The green line represents a(n arbitrary in our setup) deconfining transition, below which every transition line is perfectly vertical
(there is no temperature dependence). The blue and red colors represent respectively two choices of parameter sets: the blue one has
parameters fitted to reproduce the correct chemical potential at the baryonic onset and the correct baryon mass from the hard-wall soliton
(see Appendix B), while the red one has parameters chosen to have the equation of state lie predominantly in a phenomenologically
relevant region, so as to obtain more realistic neutron stars. The solid curved lines for 7/T. < 1 represent the corresponding first order
transitions to nuclear matter and chiral restoration, while the dotted lines mark crossovers to a regime similar to the baryonic popcorn
phase of [22] that is identified with a quarkyonic phase. The horizontal dashed red and blue lines represent a second-order transition to
chiral restoration within the mesonic phase, with the colored regions identifying phases with broken chiral symmetry. Above the critical
temperature, a phase of quark-gluon plasma exists, while for large enough chemical potentials, and as a function of temperature, baryons
also appear in this phase, realizing a quarkyonic phase of a fundamentally different nature than the one below T, with coexistence of
deconfined quarks and baryons.

at moderate densities, thereby completely neglecting any
effects from the crust of a neutron star. The modeling of a
phenomenologically viable neutron star crust cannot be
done purely within the homogeneous Ansatz and will
require additional input, such as the physics of individual
baryons and the presence of leptons, or simply a hybrid
matching with other phenomenological equations of state.
Also, the nontrivial phase diagram that we have obtained
above for temperatures above the deconfinement temper-
ature will play no role here.

A. Tolman-Oppenheimer-Volkov equations

Neutron stars are described by the Tolman-
Oppenheimer-Volkov (TOV) equations, which read:

dp m + 4nr’P
@ py s 6.1
dr Gle+P) r(r—2Gm)’ (6.1)
d
d—n: = 4zxr’e. (6.2)

The equations are solved by using as a boundary condition
P(r =0) = P, for a range of values of Py, and the radius
of the neutron star obtained, is defined as the value of R
for which P(R) = 0. Different values of P, will produce
results of R, m that define a curve in the m — R plot
to be compared with observational data. The TOV
equation is dependent on the equation of state of the
baryonic matter in the model, and since our quantities
at equilibrium and 7 =0 are solely dependent on p,
we effectively solve for p by minimizing the grand
potential to obtain d(u), and feeding it to P, € so as to
obtain P(u.d(u)). e(u. d(u)).

Since we work in the grand canonical ensemble, we use
the holographic dictionary as before to identify the grand
potential with (minus) the on-shell action. Then we can use
the relations:

PV=-Q=V / dzLon—shell, (6.3)

E oP u
=—=-P —=—-P+N_=d. 6.4
e=y tHg, +Ne3 (6.4)
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FIG. 7. Equations of state (left) and radius-mass relations for neutron stars with two choices of parameters. The dashed sections of the
equations of state indicate values of central pressure that lead to unstable neutron stars. In the mass-radius plot, these stars lie beyond the
turning point (corresponding to the maximum mass) of the respective curves. For the blue lines (fit A), we fitted the baryonic mass and
the chemical potential at baryon onset to the phenomenological values, leaving us with one free parameter which is then chosen to
reproduce the best possible mass-radius relation, which in this case is quite far from what is expected, leading to quite heavy stars. For
the red plots (fit B) all parameters are instead chosen to obtain a good compromise between highest mass, radius for stars of 1.4 Mg
(whose most recent measurement by NICER is represented by the gray interval), and tidal deformability (see Fig. 8). We see that in both
cases the measured radius is not completely compatible with our predictions: however, the effect of a crust is expected to increase the
radius of neutron stars, refining the precision of the “phenomenological” set of parameters.

In agreement with the identification of the grand potential
as Q = E — [iN: note that we have an additional factor of
1/2 that consistently stems from the definition of y we
employed. With all these identifications we can plot the
P — & curve that defines our equation of state, and the
m — R curve that arises from the solutions to the TOV
equations. The identification of P and & with the dual
holographic quantities can also be done by constructing the
stress-energy tensor Tj. and reading off T8 and T! from

there. In general, the hydrodynamic pressure found this
way is different from the thermodynamical one, but they
coincide at equilibrium, as we have verified numerically
(see Appendix D for this derivation of P, ¢).

In Fig. 7 we plot the equation of state and the mass-
radius relations for both the fit of the parameters according
to (5.13), and an alternate scenario (5.14) where we do not
fit any observable quantity, but we choose parameters such
that the equation of state falls as much as possible within
the window allowed by observational data, and such as to
obtain more realistic mass-radius relations. With fit A
(5.13), we find that the speed of sound inside stable
neutron stars never reaches the maximum allowed by the
equation of state, peaking instead at a value of ¢2 = 0.645
at the center of the most massive stable star, while the
polytropic index y = dInP/dIne reaches a minimum
value of y = 1.5; with fit B (5.14) instead the allowed
speed of sound values extend beyond the peak in the curve
c2(u), so that the maximum value reached corresponds to
the global maximum c¢2 = 0.659, while the polytropic
index inside stable neutron stars reaches a lower minimum
value of y = 1.31. Similarly to the results obtained in
Ref. [28] with the Witten-Sakai-Sugimoto model, we thus

find that at the center of neutron stars y drops below the
value 1.75 used in Ref. [52] as criterion for the presence of
quark matter, while within the holographic model the
nuclear matter phase persists.

Another important property of neutron stars is the tidal
deformability: in Fig. 8 we plot the tidal deformability A as
a function of the star’s mass: we see that by choosing the
more phenomenologically accurate equation of state, we
obtain the least likely tidal deformability for a star with
mass of 1.4 My, at the lower boundary of the allowed
values. The equation of state obtained by fitting the baryon

600
500 »
400 k
300 »

200

S S S S s

1.0 1.5 2.0 25

MM]

FIG. 8. Tidal deformabilities as a function of star mass in the
two parameter choices considered. Color coding of the plots is as
in Fig. 7. We see that both fits lead to acceptable results, with the
“phenomenological” one being extremely close to the lower end
of the allowed region. Effects of a crust are expected to increase
tidal deformabilities, pushing this last fit to more realistic
predictions.
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FIG.9. The gravitational wave signal of a two 1.4 M, neutron stars merger, in the model fitted to the baryon mass and baryon onset,
measured from the fourth Weyl scalar 4 in terms of the spherical harmonic decomposition into the function h2?, extrapolated to
40 Mpc. The bottom row shows the frequencies of the signal as a function of time using bins of roughly 2 ms, whereas the top row of
figures shows snapshots of the hydrodynamic general relativistic numerical simulation.

mass and onset instead produces a tidal deformability well
within the experimental bounds.

B. Neutron star mergers and gravitational waves

We will now use the equation of state (EoS) found in the
previous sections and tested by the TOV equations in a full
numerical gravity simulation, giving rise to a gravitational
wave signal, in principle detectable at the LIGO and
VIRGO experiments.

The setup that we will consider is a binary of two
neutron stars, each of mass 1.4 solar masses (M) with an
initial separation of 45 km. The initial configuration
is made with LORENE [53] using first init bin and
then coal with suitable initial enthalpies (large enough
for creating an initial configuration of the desired mass.
We perform the numerical gravity simulations using

whiskyTHC [54-56] using the method of lines with a third
order Runge-Kutta (RK3) evolution, a hybrid EoS mode
in the “thorn” EOS_Thermal with the holographic EoS
input as the cold EoS and the temperature dependence
given by a simple Gamma law with coefficient I'y, = 1.75
[57]: this accounts for shock-heating effects during the
merger [58] by adding a thermal component to the
equation of state with Py = Typ(€om — €0) = Linpem
where p = m;d is the baryon mass density, m, is the
baryon rest mass and d is the number density. The total
pressure is then P from the cold equation of state plus the
thermal component Py, i.e., Py = P + Py, The result
for the choice of parameters fitted to the baryon mass
and baryon onset is shown in Fig. 9, whereas the result for
the “phenomenological” parameter choice is shown in
Fig. 10, both for 1.4 M, + 1.4 M4 neutron stars as initial
condition.
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FIG. 10. The gravitational wave signal of a two 1.4 M neutron stars merger, in the model with the choice of parameters made to
optimize the equation of state, measured from the fourth Weyl scalar 4 in terms of the spherical harmonic decomposition into the
function h2?, extrapolated to 40 Mpc. The bottom row shows the frequencies of the signal as a function of time using bins of roughly
2 ms, whereas the top row of figures shows snapshots of the hydrodynamic general relativistic numerical simulation.

VII. CONCLUSIONS AND OUTLOOK

We studied the phase diagram of a holographic “hard-
wall” model of QCD, identifying baryonic and quarkyonic
phase transitions for arbitrary temperatures, with a non-
trivial temperature dependence arising from a generaliza-
tion to separate infrared walls for gluonic and quark degrees
of freedom. To do so, we employed the approximation of
homogeneous baryonic matter, which holds true for suffi-
ciently high densities, while we expect corrections to this
picture at low densities to arise by treating baryons as
individual topological solitons. At high densities we found
an analogue of the baryonic popcorn transition observed
before in [22] in the Witten-Sakai-Sugimoto model, which
we interpret as a continuous crossover to a quarkyonic
phase. Another quarkyonic phase emerged at high densities
above the critical temperature for chiral symmetry restora-
tion, which could be taken as an indication that in a

more refined treatment with backreacted geometry and
u-dependent critical temperature there is a larger quar-
kyonic regime with embedded phase transition.

In the low-temperature phases, we have evaluated the
resulting equation of state with a view toward modeling
cold nuclear matter at high densities. Independently of the
fit chosen for the free parameters in our model, the resulting
speed of sound at zero temperature in this baryonic matter
turned out to be rather high, quickly rising above the
conformal value of ¢2 = 1/3 and reaching a maximum of
approximately ¢ = 0.66 before monotonically decreasing
with further increases of the chemical potential. A steep rise
of the speed of sound to values of order one has been
argued in [30] to be associated with a quarkyonic nature of
baryonic matter, which is consistent with the continuous
connection between the baryonic and quarkyonic (baryonic
popcorn) phases in our model.
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We used the equation of state of the model to solve the
TOV equations and build neutron stars: to do so, we
employed two different sets of parameter choices, one that
reproduces the correct baryon mass and the correct baryon
onset, while the other gives a good compromise for the
observable properties of neutron stars. The resulting neutron
stars turn out to be quite compact, with maximum masses
higher than what is expected, with the radius for stars of
mass 1.4 My being slightly outside (smaller than) the
allowed interval, and with tidal deformability for the same
star exactly on the lower bound of the allowed interval.
However, we have to bear in mind an important limitation in
our setup: the homogeneous Ansatz is expected to only
describe accurately the core of neutron stars, while we do not
have a description for a phase with more diluted solitons,
which would provide the stars with a softer crust. The effects
of the presence of a crust are expected to be an increase in the
radius of stars (at fixed mass), and an increase in the tidal
deformability. To put this intuition to the test, we extended
our holographic equation of state with the tabulated “sLy4”
one [59] and built again neutron stars with the phenomeno-
logical set of parameters. As a result, the radius of the
1.4 M star increased to over 12.3 km, while its tidal
deformability increased over the allowed interval, to a value
of about 775. This result opens up the possibility to obtain a
better phenomenological fit by slightly changing parameters
in order to obtain a lower maximum mass, which would in
turn also lower the tidal deformability and the radius. We
leave the modeling of a suitable crust phase for neutron stars
within the same holographic model, and thus a more refined
computation of neutron stars’ properties, for a future work.
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APPENDIX A: THE SPEED OF SOUND IN THE
LIMIT OF LARGE DENSITIES

In this appendix, we will consider taking the limit of
large chemical potential, which corresponds to large

densities. We will do the considerations for 7 = 0 and
in the baryonic phase, so £ = 0. The equation of motion
(4.15) for wy is trivial for £ = 0 and hence w, = 0 every-
where. H has to obey the boundary conditions (4.18) and
(4.23), which for large d becomes very energetically
expensive. We conjecture, based on numerical experience,
that the limit of the function H(z) tends to a step function
for 4 — oo:

lim H(z) = (472d)i0y(z).

H—00

(A1)

and for large u, we have that d o« u® with a > 2. Integrating
the Chern-Simons term by parts, we have the contributing
terms in the Lagrangian:

L = -3Msa(z)H* + é\;“z 0.(agH?). (A2)
Integrating over z we obtain
L = —3Ms(472d)iT + %, (A3)
where we have defined the regularized integral
7= /a(z)@H(z —e(d))dz = —log e(d) >0, (A4)

where ¢(d) parametrizes our ignorance about how the
true solution approaches the step function in the limit of
d — o0. Minimizing the energy with respect to d yields

oL (o €D Nep
—a4M5(4n2).<d.I dAe(d)) 5

. N,
= 4M5(4m* (T + p)ds - = =

0, (A5)

where in the second line, we have assumed a power-law
behavior of €(d) « d~7. The solution to the above equation
in terms of x° is

2(Z +y)*M3(4n)8d
N? ’

3:

(A6)

where 7 is logarithmically dependent on d. In the limit
d — oo the speed of sound becomes:

-1 1
lim¢? = lim d <6d) ==

— , A7
d—oo d—o M a/,l 3 ( )

and the conformal value of the speed of sound squared is
thus obtained.
APPENDIX B: THE BARYON AS AN INSTANTON

In this appendix, we will calculate the mass of the baryon
using the Ansatz
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Ri(x,z) = A(r,z) X212 il + 212 (1= (r.2))% uxk
+ ¢2(r 2) <X rtx - ’L'i>, (B1)
L(%,0) = =4 (0 5 4 2 (1= 1, 2) e

1 o
_Eng(r, ) (X r:'x —71>, (B2)

© IR 2
E, = 8aMs5 i dr dz|a(z)( |Dad|
uv

Rs(x.2) = ~Ls(x.2) = 5 Ax(r.2)x 7. (B3)
Ry(x,z) = Lo(x,2) = s(;rz) 1, (B4)
D(x.2) = by l il X7 (BS)

for a single instanton, following [31,32,60], giving rise to
the reduced energy functionals

Ca

4 v 22 #

(=192 1 .,
-507)

N S . 1k . *
e SO D+ D))+ Az (36)
2
o =satts [ ar [ ae] ) (' 1Dsap = 1 = 30 P ) + ) Mgl (87)
where we have defined the complex fields 0;A; =0, (B13)

¢ =+ iy, A=A + ik, (B8)
the covariant derivative D; = d; — iA;, the Abelian field
strength A ; = d;A; — dpA; and finally, the barred indices,
i, v run over r, z with Euclidean metric.

The equations of motion relevant for the instanton are

a 613
D)D) + 2 g1 ~19P) + T 209~ g
162?2[;” ei7g, (; Dy =0, (BY)
0(ra(2)Azs) = a(z) (i Dy = i (D))
- 1“3% (1D — (D,A)"2)
o (L) (P -n =0 (®10)
0;(a(2)0;s)
NL'

e"7[0;(—i¢" Dy + ip(Dsh)") + Azz] = 0,

(B11)

B 327°Msr

— i) —a’(2)r*M3A = 0,
(B12)

D;(r*a*(z)DpA) — a (2)p(Ad*

the Lorentz gauge condition is

the boundary condition in the infrared (z = zjg) are

$1=0, p.»=0, A, =0, 0,A,=0, 0.5=0, A=-2if,

(B14)
and in the ultraviolet (z = zyy) they are
¢ = —i, A, =0, 0,A, =0, s=0, 1=0,
(B15)

whereas at spatial infinity, the boundary condition for the
single instanton are

in(z—z2yv) T
¢ = —[¢ RV arAr =0, Az =
R — Zuv
in(z—zyv)

s =0, A= 2iP e v (B16)
and at the origin we have
¢, =0, ¢, = —1, d,A, =0, A, =0,

s =0, A =0, 0,4, = 0. (B17)

By using suitable initial conditions and a numerical scheme
sometimes called arrested Newton flow, we solve the
PDEs numerically and integrate the energy functionals (B6)
and (B7) to find the energy of the instanton, which is
identified with the mass of the baryon (nucleon). In Fig. 11
we show an example of the instanton solution in the bulk
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foré =4, Ms = %{z N. = 3 and M} = —3. For numerical
convenience, we have defined a new scalar field which is
defined as being relative to the vacuum solution (up to a
factor of &):

A=A +iky =20 (B18)
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FIG. 11. Instanton solution in the bulk for & = 4, M5 = <, N, =3 and M3 = —3.

127

Changing ¢ affects the energy and the size or “radius”
of the instanton. The result for a range of &s is shown
in Fig. 12. We use the data of Fig. 12 to calibrate the
model by fitting the energy of the instanton to the mass of
the proton/neutron (we work in the limit of unbroken
isospin):

0.7

0.6

0.55

05 ! ! ! ! ! ! ! ! !

FIG. 12. Energy (a) and radius (b) as functions of £. In this figure, we have taken the parameters of the model as M5 = gj, N.=3

and M3 = -3.
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L = Einstanton (B 19)
M proton

where L is the curvature scale in the metric as given
in Eq. (2.1).

APPENDIX C: BOUNDARY CONDITIONS AND
BARYON NUMBER

Here we discuss our choice of boundary conditions
for the homogeneous Ansatz. As noted in [32], a gauge
transformation g; r = exp(iay z) that does not reduce to
unity at the UV brane correctly reproduces the QCD global
anomaly, but also carries an infrared term which is not
present in QCD and which should be canceled for the
holographic model to be consistently describing QCD.

The action is gauge invariant except for the Chern-
Simons term, whose variation amounts to:

N, _ _
AgScs = Gy <[N [wzll(ab l) - a)éll(aRs r)

- [ ke = o). (e

We want to cancel the infrared term, which can be done by
the following choice of boundary conditions:

(L, =R, =0;

2R

(LHZ + Ruz)l =0.

2R

(C2)

The second one of these conditions is automatically
satisfied by the homogeneous Ansatz, while the first is
in general not satisfied for y = i:

(Li = R;)|

= —H(zr)o' = —(47°d)'36’. (C3)

ZIR
If we want to describe baryonic matter within this Ansatz,
we have to give up on this choice of boundary condition, as
it is incompatible with H*(z1g) = 42°d. However, this does
not mean that the infrared variation of the Chern-Simons
term cannot vanish. Let us take a look at @};
A IAN2 D A

a(dA) —l—zaTrF :

oy(a,A) = (C4)

Bl

The conditions (C3) enforce the vanishing of the variation
by cancellation between the L and R terms: another
possibility is that they both vanish independently which
is precisely what happens for the homogeneous Ansatz.
The first term in Eq. (C4) amounts to

1 A

~

OF 40, F oy, dx™ Adx® A dx® Adx®. (C5)

1
4
Since the form lives on a four-dimensional surface orthogo-
nal to z, then actually a; = u;. But from the homogeneous
Ansatz we know that the only dependence of the fields is

on z, and only the Oth component of the Abelian field is
turned on, so that:

F, =0,

v

(Co)

hence the first term vanishes. Similarly, the second term is
proportional to:

TrF? « F¢ , F¢

H1 2 H3 Ha
o Fiip XM A dx?> A dxts A dxt,

(€7)
and because of antisymmetry of the wedge product it will
select the only term with all indices different, which then
vanishes because of the presence of F,.

FFg e’ = 0. (C8)
In the end, each @} (@, A) independently vanishes and the

unwanted anomaly is still canceled with our choice of
boundary conditions in the homogeneous Ansatz.

APPENDIX D: PRESSURE AND ENERGY
DENSITY FROM STRESS-ENERGY TENSOR

Here we want to compute the pressure and the energy
density of the baryonic phase, starting from the stress-
energy tensor, verifying that the definitions match the
relations with the grand-canonical potential. We start by
recalling the definition of the stress-energy tensor 7', of
matter fields in general relativity:

2 a( \/__g‘cmatter)
V=9  og?

where L, indicates the Lagrangian density of matter
fields, not including the /=g factor (as it is part of the
integration measure). In our model, there are two kinds of
action terms for matter fields: the ones from Eg, L which
depend on the metric, and the Chern-Simons one from L,
which is topological and hence does not contribute to 74
by definition (it can and will still contribute via the
equations of motion). In the baryonic phase, and in the
chiral limit we are considering, the scalar field vanishes
because of the minimum energy boundary condition & = 0,
hence L4 also vanishes, so for us holds the following
identification:

Taﬂ - ’ (Dl)

M 1. A
L atter = —75 Tr(LyyL"N) + ELMNLMN +{R < L}|,
(D2)

where now the indices are to be lowered with the full
curved metric g?, as opposed to with #% as was the case in
Eq. (2.3). To perform the computation it is useful to use the
following form of the stress-energy tensor:
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oL
Taﬂ _ T(l) + TSZZ) —9 matter

af p agaﬂ (DS)

~ Yap Lmaner-

We want to compute the energy density £ and the hydro-
dynamic pressure P of the model:

1 1 ;

_ 3 0. _ 3 J
e = V3/d xdz\/—gTy; P = _3V3 d’xdz\/—=gT;.
(D4)

Let us begin by computing the energy density, starting
from the first term of Eq. (D3), remembering that with

the homogeneous Ansatz, only the field strengths L,;, L;,
and L, are turned on:
1 oL A s PN
T(()()) =2 a;gger = _M5(QZZL0ZL0Z + gZZROZROZ)
= 2Msa=*(z)(0.a0)>. (D5)

We now raise one index and perform the integration
by parts:

1
—/d3xdz«/—ng(l)
V3
=2M; / dz\/=g9™(0.a,)
— 20 [ dza(e)(0.0)
—2M3lal2)and.aoly ~2Ms [ dz.(a(2)0.a0)d.  (D6)

The integral term can be immediately seen to give rise to
—Lg after making use of the equation of motion for the
field ao. The boundary term vanishes in the infrared, but
despite the warp factor approaching zero on the ultraviolet
boundary, there also d,’ vanishes. We can then make use of
the ultraviolet expansion of &, to compute the contribution
of this term:

N.d
ao(z—)o):ﬂ—zzg—[‘ls—’—..., (D7)

2 aﬁ matter
ag'/

A N,
2Ms[a2)agd-dolh = - (DS)

The second term in the definition of the stress-energy tensor
is proportional to L, and since this differs from £, only
by a warp factor, it is easy to check that once we raise one
index and include the factor of /=g we obtain the simple
contribution:

1
_V—3/ d3de\/—998£matter = _Lg’ (D9)

so that when we sum the two contributions and we use the
definition for £ we obtain

N
£ = _LCS — Lg Jr?Cptd — _Lon—shell +ﬂBd’

(D10)
where L"*"ell s the total on-shell Lagrangian integrated
over z.

We now turn to compute the hydrodynamic pressure:
again we divide the computation into two parts, this time
starting with the trivial one

p(2) _
T;

= _gpigijﬁmatter = _5§)£matter’ (Dll)

which upon taking the trace and integrating becomes:

1 .
Ve / dxdzy/~gT? = -3 / dzy/=gLmaer = 3L,
(D12)

The first term is instead more complicated, again requiring
to rely on integration by parts and the equations of motion:
differentiating with respect to g/ removes the Abelian
fields from the computation (with the homogeneous Ansatz
only I:oZ is turned on), so we find

= —2M; [Tr(Liijk)gkk +Tr(L;L;;)g% + {L < R}]

H H”? .
= —4a72(z)M; {Tr <T elk“efkb1“1b> n** + Tr (T T’T’> ’7“]

= —q2 (Z)M5 [2H4€ika€jka’7kk + 2H/25ij7]zz] .

(D13)

126014-21



BARTOLINI, GUDNASON, LEUTGEB, and REBHAN

PHYS. REV. D 105, 126014 (2022)

As before, we now raise one index, take the trace:
i it (1 _
T = ¢'T\}) = —a~*M5[12H* + 6H"], (D14)

and then integrate, using integration by parts:

1 (1)
V—3/d3xdz\/—gTj<
= —/dz[lZMSa(z)H4 + 6Msa(z)H']

= —Mj / dz[12a(z)H* — 60 (a(z)0.H)|H

— 6M;sla(z)HH')}. (D15)
As a first step, we recognize in the integral term the
equation of motion for H(z), so we plug it into our
expression and then we integrate again by parts, to remove
the derivative of the Abelian field and make the presence of
the Chern-Simons Lagrangian manifest:

1 .
V_ / d3de\/ _gTj(l)
3

3N
= /dz|:87[2€ &0’H3] —6M5[a(z)HH’](l)

__ 3N,
82

dz[o.(agH?) — 3agH*H'] — 6Ms[a(z)HH']}

3N, !
= —SLCS + |:8—2C210H3 —_ 6M50(Z)HH/ (D16)
T

0

We are left with the boundary term to evaluate: it is
straightforward that the two terms evaluated on the UV

boundary individually vanish, so that this is truly a purely
infrared term. When evaluated on a solution of the
equations of motion that is also in thermodynamic equi-
librium, this boundary term is found to vanish (an evalu-
ation we did numerically). Putting all the results together,
we can then write the following identifications, where with
Lor—shell we mean the Lagrangian density integrated along z
(that is, the Lagrangian density from the point of view of
the boundary theory):
e = _Lon-shell + /"Bd; P = Lon—shell’ (D17)
The holographic duality also identifies the grand canonical
potential Q with the on-shell Lagrangian, so that the usual
thermodynamic relation for homogeneous matter
PV =-Q (D18)
correctly emerges. The relation between energy density and
pressure also is correctly reproduced:
&= —P + ppd. (D19)
Note that to find all these thermodynamical results, we had
to plug a thermodynamically stable configuration in the
boundary term that enters the definition of P: this is
however not unexpected, since thermodynamical and
hydrodynamical pressure are in principle not the same
quantity, but they are required to coincide at equilibrium.
The stress-energy tensor computes the hydrodynamical
pressure, hence the need to make use of the condition of
thermodynamical equilibrium to connect with relations
from thermodynamics.
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