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1. Introduction

Although the very name of the strong nuclear force refers to the sizeable nature of its interaction, the properties of the
nderlying quantum field theory, Quantum Chromodynamics (QCD), are often approached through an expansion around
he limit of no interactions [1,2]. As is well known, the reason for this apparent contradiction has its roots in the limitations
f nonperturbative field theory tools, in particular lattice QCD, in describing a number of physically relevant limits, such
s real-time phenomena or sizeable baryon densities [3]. In the review article at hand, written from the perspective of
nother nonperturbative method, holography [4,5], we shall pay particular attention to the latter of these limits: dense
CD matter, responsible for the rich and very nontrivial phase structure visible in the lower right-hand corner of Fig. 1.
At high enough baryon density, irrespective of the temperature, QCD matter is expected to enter a deconfined phase

imilar to the more familiar quark–gluon plasma, created and observed in ultrarelativistic heavy-ion collisions [6]. At low
emperatures, this phase is commonly referred to as quark matter, emphasizing the fact that the system behaves as a
redominantly fermionic one at low temperatures, characterized by the presence of a Fermi sea of filled quark states at
eak coupling [7,8]. At present, it is not clear whether such matter exists anywhere in our current Universe, but whether

t can be found inside the cores of the most massive neutron stars is a topic of active ongoing research [9].1
Neutron stars are the remnants of old massive stars that undergo a supernova explosion and a subsequent gravitational

ollapse [13,14]. This requires that the mass of the progenitor, i.e. the original hydrogen-burning star, is simultaneously
ufficiently high (M ≳ 10M⊙) for a supernova explosion to take place but also sufficiently low (M ≲ 25M⊙) so that its
ore does not directly collapse into a black hole. Should the Fermi and interaction repulsion of the QCD matter be able
o resist the collapse, the end result of the process is an object of approx. 1-2M⊙ in mass and only approx. 11–13 km
n radius, making its average density comparable to the nuclear saturation density ns ≈ 0.16/fm3. This implies that the
maximal densities expected to be reached in the centers of maximally massive neutron stars — i.e. ones just on the brink
of collapse into a black hole — are likely several times above ns, thereby exceeding the density of any system that can be
created in an Earth-based laboratory [15].

Even at the densities corresponding to neutron-star cores, QCD remains a strongly coupled theory, so approaches based
on weak-coupling expansions either in quark or nuclear matter are eventually doomed for failure. Indeed, modern Chiral
Effective Theory (CET) calculations, based on a perturbative treatment of nuclear interactions via meson exchange [16,17],
are able to quantitatively describe nuclear matter up to densities only slightly above ns [18–22], while modern perturbative
CD (pQCD) becomes accurate only around 40ns [23–26]. In both cases, the quantity of the highest relevance for the
hysics of neutron-star matter is its equation of state (EoS), which can be given as the functional relationship between
he pressure p and energy (or baryon number) density ϵ (or n) in the medium.2 To describe this quantity — and the
omplex dynamics related to the phase transition from hadronic to quark matter — something more is clearly needed: a
onperturbative tool capable of describing the system in the limits of sizeable coupling and baryon density.
The gauge/gravity duality — or holography in short — is a computational tool that has its origins on one hand in

he study of so-called Dirichlet- or D-branes within string theory and on the other hand in conformal field theories in
heir large-N limit (for a review, see e.g. [34]). In its original formulation, it provides a highly nontrivial relation between
wo very different physical systems: string theory in a 10-dimensional curved spacetime and a conformal and maximally
upersymmetric quantum field theory living on its boundary [4,5]. Over the years, the duality has, however, evolved into a
ractical tool for the description of strongly coupled field theories, owing to its mapping of the infinite-coupling and large-
limit of the field theory to the tractable limit of classical supergravity on the stringy side. This has enabled numerous

uccessful applications of the duality to e.g. the physics of condensed matter theory [35] and heavy ion collisions [36], and
o the development of so-called bottom-up holography as a more phenomenological tool for particular physical systems
See, e.g., [37–39]).

Within heavy-ion physics, close in spirit to the topic of the review article at hand, holography has given rise to a number
f qualitative and quantitative insights. To name a few of the most obvious ones, the universality of a small shear-viscosity-
o-entropy ratio in a wide class of strongly coupled field theories nearly two decades ago [40,41], and the subsequent
bservation of the QGP nearly saturating this limit [42–45], gave rise to the notion of the QGP acting as a ‘perfect liquid’.

1 Note that we use the term neutron star to refer to stars composed of either nuclear matter or a combination of nuclear and quark matter, while
the term compact star is used for a broader class of stars, including more exotic objects such as quark stars [10]. A somewhat special class of stars
is formed by so-called twin stars [11], for which the neutron-star mass–radius curve splits to two separate parts due to a strong first-order phase
transition. While twin stars are often included under the umbrella of neutron stars, we note that some of the results presented here (e.g., those
of [12], shown in Fig. 2) do not apply for them.
2 In analytic calculations of thermodynamic quantities one typically obtains more than just the relation p(ϵ): both quantities as functions of the

baryon chemical potential µB . This fact can be taken advantage of in constraining the neutron-star matter EoS as has been recently demonstrated
in [27].
2
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Fig. 1. A schematic view of the QCD phase diagram spanned by the quark chemical potential µ and the temperature T , taken from [28]. At high
energy densities, one eventually enters the deconfined phase of the theory, which at high temperatures and moderately low densities is separated
from the hadronic one by a crossover transition. Whether a critical point and a line of discontinuous first-order phase transitions leading all the
way to the T = 0 limit (as indicated here by the red line ending with a dot) exists is currently unclear, although arguments in favor of its existence
have recently been made based on symmetry considerations [29–31]. At low temperatures and very high densities, quark pairing is expected to lead
to various color superconducting phases, including the Color-Flavor-Locked (CFL) phase that would be dominant for asymptotically high values of
µ should only three quark flavors exist [32,33]. Note that pairing can also occur in nuclear matter, and this is indeed expected to take place inside
neutron stars; we, however, omit the treatment of this phenomenon due to the lack of related holographic studies.

Somewhat later, a series of numerical studies of shock wave collisions in asymptotically AdS5 spacetimes led to the
realization that the onset of hydrodynamic behavior in heavy-ion collisions does not necessitate the thermalization of
the medium, but that an isotropization or an even weaker ‘hydrodynamization’ of the system suffices [46–48]. This fact
was, too, later confirmed using modern kinetic theory [49], but the seed to the insight was provided by holography.

While the above example applications by no means exhaust the list of insights holography has provided within heavy-
ion physics, they serve the purpose of highlighting the two most common situations, where the gauge/gravity duality
is found to be particularly valuable. First, it may reveal universal behavior in physical systems that would otherwise
go unnoticed, which was clearly the case in the viscosity-to-entropy conjecture that has since then affected a number
of subfields of physics (see, e.g., [50]). Second, the way holography maps complicated field theory questions to ones
in classical gravity has enabled progress in problems that were long deemed intractable; a prime example of these is
thermalization in strongly coupled field theory, accessible via the study of shock wave collisions in asymptotically AdS5
spacetimes [51].

Returning to the physics of dense QCD matter and neutron stars, we are clearly faced with a situation, where
nonperturbative machinery is urgently needed, but due to the Sign Problem of lattice QCD no traditional field theory
tool is available. At the moment, the state of the art in the field typically altogether bypasses the problematic region of
neutron-star cores by either extrapolating the neutron-star matter EoS from the CET realm of n ≲ ns upwards [52,53],
or by interpolating between this region and the pQCD one at n ≳ 40ns [9,12,54,55] (see also Fig. 2). Complementary to
his approach, there have been numerous studies concentrating on various simplified models to dense QCD both in the
uclear and quark matter phases (see, e.g., [56,57]). Here, the results, however, often suffer from systematic uncertainties
elated to the incomplete description of the physical system that are difficult to quantitatively estimate. Given that our
eview mostly deals with the technical aspects of holographic models, we have decided to refrain from a more extensive
iscussion of other model approaches.
In light of all the above, it is natural to ask, whether holographic methods might offer the much-needed nonperturbative

ool to attack the physics of dense QCD matter in the problematic region near the deconfinement transition. One may
aturally worry about the effects of the typical Nc →∞ approximation in particular on the hadronic phase of the theory,

but the method’s unique ability to describe strongly coupled fundamental-representation matter at high densities is at the
same time extremely alluring. As is typical in applications of holography, one may choose between so-called top-down
and bottom-up approaches, of which the former constitute more rigorous descriptions of field theories typically rather
different from QCD while the latter offer somewhat more phenomenological descriptions of systems close to real nuclear
and quark matter. Both approaches have been actively investigated during the past more than five years (see, e.g., [58]
and references therein), and as we will detail below, they have produced valuable qualitative and quantitative insights
into the physics of dense strongly interacting matter and neutron stars.
3
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Fig. 2. A state-of-the-art model-independent result for the EoS of neutron-star matter (left) and the corresponding mass–radius (MR) relation (right),
taken from [12]. The color coding in the figure corresponds to the maximal value that the speed of sound squared attains at any density, with the
conformal limit corresponding to 1/3.

The purpose of the review article at hand is twofold: first, we want to present the motivation for and the formalism of
the holographic calculations that describe dense QCD matter, and second, we wish to review some of the most important
results that this approach has provided thus far. To do so, we first introduce the reader to the field of dense QCD matter
and neutron-star physics in Section 2, and then move on to the formalism of dense holography in Section 3. The following
two Sections 4 and 5 then walk the reader through a number of recent results concerning the bulk thermodynamic and
transport properties of (unpaired) quark matter, while Section 6 introduces new results relevant for studies of binary
neutron-star mergers. Finally, in Section 7 we present our (undoubtedly biased) vision of how holographic methods will
continue to contribute to this expanding field of research in the coming years and in which physics questions they will
likely make their most significant impact.

Having defined the main goals of the review, it is finally also worth mentioning a few interesting and closely related
topics that we have decided to altogether skip here but that might be of interest to our readers. These include, e.g., the
study of compact stars in alternative theories of gravity [59,60], efforts to discover traces of BSM physics using neutron-
star observations [59,60], considerations of stellar solutions in the bulk of asymptotically anti de Sitter spacetimes [61,62],
as well as holographic approaches to heavy-ion [1,36,63] and condensed matter physics [64,65]. The tools and methods
used in holographic studies of dense QCD matter have often been first introduced in these neighboring fields, and we hope
that these fields will in time also benefit from the holographic work that has recently been carried out in the context of
compact-star physics.

2. Theoretical and observational bounds for neutron-star matter

The existence of extremely compact stellar objects mostly consisting of neutrons was first proposed almost 90 years ago
in 1933, when Walter Baade and Fritz Zwicky suggested such objects would be created in gravitational collapses related
to the (then still mysterious) supernova explosions [66]. Some thirty years later, around 1967, Jocelyn Bell Burnell and
Antony Hewish discovered periodic radio pulses from a source that was later understood to be a rapidly rotating and highly
magnetized neutron star, i.e. a pulsar [67]. This marked the opening of a new subfield of astrophysics, which connects the
study of nuclear matter to astrophysical observations: due to the extreme densities of neutron-star cores, these objects
constitute a unique laboratory for matter at ultrahigh densities, not achievable in any Earth-based laboratory [14].

An obvious challenge in neutron-star observations stems from the fact that we are dealing with very small objects
located far away from us: the diameter of an average neutron stars believed to be around 25 km, while the closest known
neutron stars are located hundreds of light years away. Traditionally, neutron-star observations have relied on detecting
electromagnetic (EM) radiation from pulsars or on measuring the properties of binary systems where one component is
a neutron star and the other e.g. a white dwarf, which have more lately been complemented by observations of X-ray
bursts from neutron-star surfaces [68]. As we shall explain in more detail below in Section 2.2, from these observations
one can infer a host of neutron-star properties, including their spinning rates, surface temperatures, masses, and even
radii.

From the neutron-star properties listed above, the two that carry by far the largest amount of information about their
inner structure are without doubt their masses and radii. This is so due to the fact that their functional dependence
on each other, the so-called neutron-star mass–radius (MR) relation, is intimately connected to the most important
function characterizing the thermodynamic properties of neutron-star matter, its EoS. This connection follows from the
4
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Fig. 3. The GW time–frequency map from a combination of the LIGO-Hanford and LIGO-Livingston data for GW170817.
Source: Taken from [75].

Tolman–Oppenheimer–Volkov (TOV) equations of General Relativity (GR) that characterize hydrostatic equilibrium inside
a nonrotating gravitationally self-bound object [69,70],

dp(r)
dr
= −

(ϵ(r)+ p(r))
r2

(M(r)+ 4πr3p(r))
(1− 2M(r)/r)

dM(r)
dr
= 4πr2ϵ(r) . (1)

Here, p(r) and ϵ(r) stand for the pressure and energy density at a radial distance r from the center of the star, while
M(r) corresponds to the gravitational mass confined within a sphere of the same radius. Upon specifying the EoS, i.e. the
unique functional relation between the pressure and energy density, these equations can be solved for the possible masses
and radii of stable neutron stars, parameterized by the pressure in the center of a given star. This way, we obtain a one-
to-one mapping between the EoS and the neutron-star MR-relation, so that any insights gained on one quantity can be
immediately transferred to the other one.

Apart from the more traditional observations of quiescent neutron stars, the past few years have presented us an
exciting opportunity to follow the final moments of a number of neutron stars through multimessenger, i.e. combined
gravitational wave (GW) and EM, observations of a number of binary neutron-star mergers. As we shall detail in
Section 2.2, already the first such recorded merger, GW170817, produced valuable information of two types. First, LIGO
and Virgo were able to measure the GW waveform corresponding to the inspiral phase of the merger of some 100 seconds
in duration [71–73] (see Fig. 3), and soon thereafter a number of independent observatories detected signals across the
EM spectrum that were confirmed to originate from the same part of sky as the GW one [74]. As we will explain below,
both types of observations have been efficiently used to constrain the properties of the two stars taking part in the merger
and to infer characteristics of the EoS of neutron-star matter.

In the remainder of this section, we will present a brief but relatively comprehensive introduction to what is presently
known about the thermodynamic properties of neutron-star matter based on three key elements: first-principles calcu-
lations in QCD, relevant neutron-star observations, and a model-independent combination of these insights. Throughout
these parts, we implicitly assume that all observations of compact stars made so far have been of neutron stars as opposed
to e.g. quark stars or twin stars, which is reflected also in the section title. We begin by reviewing state-of-the-art results
in nuclear theory and perturbative QCD (pQCD) in Section 2.1, then move on to current observational methods and data
in Section 2.2, and finally present the results of the so-called interpolation approach to the neutron-star matter EoS in
Section 2.3. From these considerations, it will hopefully become clear, where input from novel methods such as holography
is at the moment most urgently needed.

2.1. Neutron-star matter: theory results

The quantities that characterize the collective properties of a thermal medium can be largely divided into two
categories: first, bulk thermodynamic quantities relating observables such as pressure, energy density and baryon density
to each other, and second, various transport coefficients, characterizing the response of the system to small departures
from equilibrium. In this section, our goal is to present the current state-of-the-art results from first-principles machinery
such as CET and pQCD, respectively applicable at moderately low and very high densities. For presentational simplicity,
we will mostly concentrate on bulk thermodynamic quantities, where the task of comparing holographic predictions
to existing results is considerably more straightforward. For transport properties, discussed in Section 5, one encounters
pronounced sensitivity to the phenomenon of quark pairing in the in deconfined phase of QCD. Given that the true physical
phase of cold and dense quark matter is only rigorously known at asymptotically high densities, this discussion quickly
becomes highly convoluted and not fitting for this brief section of our review. Instead, we refer the interested reader to
5
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Fig. 4. Left: Example results for the energy per baryon of pure neutron matter at sub-saturation densities, intimately related to the EoS [20]. The
ight blue and red bands parametrize the uncertainty of the result at NNLO and partial NNNLO, respectively. Right: The state-of-the-art partial
NNLO EoS of unpaired quark matter [25], with the dashed lines denoting the earlier NNLO result. Here, the parameter X refers to the value of the
a priori unknown) renormalization scale parameter, while the colored bands parametrize the dependence of the result on an additional cutoff scale
see [25] for details).

he excellent review [76] as well as the original Ref. [77] where the current state-of-the-art pQCD results for the unpaired
uark matter phase are derived.
Within bulk thermodynamic quantities, the most fundamental one is undoubtedly the partition function that can be

sed to express the pressure as a function of different chemical potentials (see, e.g., [78,79]). For a quiescent ‘‘old’’ neutron
tar that has cooled down due to neutrino emission, it is a good approximation to assume that the medium is locally charge
eutral and beta-equilibrated, although the former assumption can be relaxed in case of mixed phases, requiring a first
rder phase transition and a sufficiently low surface tension between the two (hadronic and quark matter) phases [80].
n this case, one can solve all but one of the otherwise independent chemical potentials as functions of a single one, often
hosen as the baryon chemical potential. In the limit of negligibly low temperatures, the pressure then becomes a simple
unction p(µB), from which it is straightforward to derive other forms, such as p(ϵ) or p(n), perhaps more familiar from
iterature.

The outer layers of a neutron star include a gaseous atmosphere, a liquid ocean, and a solid crust, all corresponding to
oderately low densities n≪ ns. The atmosphere is a thin (from millimeters to tens of centimeters) layer of plasma on the
urface of a neutron star, typically consisting of either hydrogen or helium, while the ocean is a somewhat thicker (some
ens of meters) layer composed of a plasma of electrons and nuclei [81]. Accurately determining the composition of the
tmosphere is a crucial ingredient of many observational analyses of neutron stars, including radius determinations (see,
.g., [82]), but the contributions of the atmosphere and ocean layers to the total mass of the star are typically negligible.
he solid and considerably thicker (hundreds of meters) crust is on the other hand divided into two parts, with the outer
ayer corresponding to a lattice of increasingly neutron-rich nuclei with the dominant contribution to the pressure coming
rom an electron gas, similarly to the case of white dwarfs [83]. In the inner crust, the system then reaches the so-called
eutron-drip point, where neutrons begin to leak from the nuclei, continuing all the way to the crust-core interface where
ven lighter nuclei cease to exist. In these parts of the neutron star, corresponding to densities up to some 0.1–0.5ns, the
oS can be determined with traditional tools of nuclear theory, significantly aided by the fact that the system is tightly
onstrained by experimental data (see, e.g., [84] and references therein).
Proceeding to the neutron-star core, we finally encounter nuclear matter formed by individual nucleons (mostly

eutrons), with the corresponding interactions typically described via meson exchange. Here, it becomes imperative to
ystematically account for the interaction corrections, for which the CET, dating back to the groundbreaking work of
einberg [85], offers a very useful tool. Decades of technically very involved calculations, reaching a partial Next-to-
ext-to-Next-to-leading (NNNLO) in the CET powercounting and incorporating three-nucleon interactions [18,19], are
urrently able to quantitatively describe the EoS of both symmetric nuclear matter and pure neutron matter — and
nterpolate between them — up to densities exceeding the nuclear saturation density ns [20–22]. At this point, the
ystematic uncertainties in these computations begin to rapidly grow, and although some attempts have been made to
each densities as high as 2ns, most state-of-the-art results are only reported up to 1–1.5ns [for an example result, see
ig. 4 (left)]. For more details about this interesting topic, we refer the interested reader to a comprehensive recent review
overing both the CET formalism and its application to the determination of the neutron-star matter EoS [86].
6
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Finally, in the inner cores of neutron stars, possibly containing deconfined quark matter, baryon density reaches values

p to 5-9ns depending on the physical EoS realized (see e.g. [9,12]). This region is outside the realm of any present-
day first-principles theoretical tool, and it is indeed only at considerably higher densities, of the order of several tens
of saturation densities, that one regains any theoretical control over the EoS of dense QCD matter. Here, it is a very
different set of tools than the ones used at lower densities, namely those of resummed perturbative QCD, that allow one to
determine the properties of the system in a weak coupling expansion, relying on the asymptotic freedom of the underlying
theory [2]. At present, the weak-coupling expansion of the pressure of dense quark matter is known up to a partial NNNLO,
or α3

s in the strong coupling constant, where a Hard Thermal Loop (HTL) resummation has been applied to the infrared
(IR) sector of the theory [24–26], building on the earlier results of [87–89]. The uncertainty of this pQCD result becomes
comparable to that of the CET EoS at n ≈ ns around forty saturation densities, i.e. considerably above the densities reached
inside physical neutron stars [see Fig. 4 (right)]. As has been recently shown in [27] we will demonstrate in Section 2.3,
this however does not imply that the high-density EoS would not place important constraints on the neutron-star matter
one at much lower densities.

2.2. Neutron-star observations

In addition to the theoretical bounds on the neutron-star matter EoS reviewed above, this function — as well as many
other microscopic quantities describing the system — can be efficiently constrained through neutron- star observations. In
this section, we briefly review three different types of observational information, all of which provide information directly
relevant for the EoS. These include neutron star mass and radius measurements, as well as multimessenger observations
of neutron star mergers.

Apart from rotation frequencies that can be directly determined in any pulsar observation, the most easily accessible
macroscopic property of a given neutron star is its mass. Even here, accurate measurements often require taking advantage
of rather intricate properties of GR, such as the Shapiro delay, which refers to the slowing down of light rays when they
propagate near a massive object [90]. For a highly inclined binary system formed by a millisecond pulsar and a companion
(such as a white dwarf), observing this effect in radio pulses emitted by the pulsar enables a precise measurement of
both the neutron star and its companion (see, e.g. [91]). This has led to some of the most accurate mass measurements
of neutron stars, including the most massive neutron stars known, the pulsar J0740+6620 with a mass of 2.08± 0.07M⊙
(one-σ uncertainty limits) [92], and the previous record holders [91,93]. From the perspective of EoS determinations, by
far the most important implication of these measurements is that they imply the near-certain existence of two-solar-mass
neutron stars, which allows one to discard all EoS models that do not support such stars. Beyond this, mass measurements
can give insights into the mass distribution of neutron stars [94], which however does not provide direct information about
the microscopic properties of dense matter.

While the accurate measurement of neutron-star masses can be very challenging, the determination of neutron-star
radii is even more intricate and typically requires highly nontrivial astrophysical modeling [95]. Here, the past decade has
witnessed very promising developments, originating in particular from observations of thermonuclear X-ray bursts in low-
mass X-ray binary systems, where a neutron star is accreting matter from its companion [82] [for an example result, see
Fig. 5 (left)]. More recently, the NICER collaboration, which operates an X-ray telescope on the International Space Station,
has used the pulse profile modeling technique to perform radius measurements, exploiting GR effects seen in X-rays
emitted from the surface of a rotating neutron star [96]. With both techniques, one obtains a simultaneous measurement
of a given star’s mass and radius, which in some cases is complemented by independent mass measurements. Perhaps
most strikingly, this has enabled setting a very nontrivial lower limit for the radius of the aforementioned massive pulsar
J0740+6620 [97,98], which can be used as a stringent constraint for the neutron-star matter EoS [99].

On 17 August 2017, the detectors of the LIGO and Virgo GW observatories recorded a GW signal that lasted about 100 s
and had features compatible with the inspiral phase of a binary neutron-star merger [71]. After a delay of about 1.7 s, the
GW signal was followed by a short gamma ray burst that was detected by the Fermi and INTEGRAL telescopes [100,101].
These events were dubbed GW170817 and GRB170817 A, respectively. Somewhat later, a number of observatories
concentrated their efforts on the region of sky indicated by LIGO and Virgo, resulting in the detection of the astronomical
transient AT 2017gfo some 11 h later [102]. This observation was made across the EM spectrum, marking the birth of
a new era of multimessenger astronomy. The confirmation that the object was a rapidly cooling cloud of neutron-rich
material confirmed that the GW, gamma ray and EM signals had indeed all originated from the binary merger of two
neutron stars [74].

As briefly discussed in the beginning of this section, the GW170817 event produced two different types of observational
input of great value to determinations of the neutron-star matter EoS. First, from the GW signal measured by LIGO and
Virgo, describing the inspiral phase of the merger, the collaborations were able to place stringent limits on the tidal
deformability of the stars. This quantity is defined as the coefficient Λ in the relation

Qij = −ΛEij (2)

that describes the induced quadrupolar moment Qij of a neutron star’s gravitational field due to an external quadrupolar
tidal field Eij (see, e.g., [103] for a more detailed discussion of this physical quantity). In suitable dimensionless units,
LIGO and Virgo were able to place a 90% of 70 < Λ̃ < 720 for a so-called binary-tidal-deformability parameter Λ̃ (see
7
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Fig. 5. Left: Mass and radius posteriors for the neutron star 4U 1702-429, taken from [82]. Right: The localization of the GW, gamma-ray, and optical
signals corresponding to the GW170817 event, taken from [74]. For more information on the results, we refer the interested reader to the original
publications.

Section 6 for more details), which is a function of the masses and tidal deformabilities of the two stars, M1, M2, Λ(M1),
and Λ(M2) [104]. For GW170817, the so-called chirp mass Mchirp = 1.186M⊙ has been determined very accurately, so
the Λ̃ constraint can be put to efficient use by varying the less constrained mass ratio q = M2/M1 and discarding EoSs
that do not satisfy 70 < Λ̃ < 720 for any viable value of q. The same constraint can equivalently be given for the tidal
deformability of a 1.4M⊙ neutron star, in which case it takes the form Λ(1.4M⊙) ≡ Λ1.4 = 190+390

−120 [105]. This has been
demonstrated to be a very strong constraint for the EoS, and has led to discarding many otherwise viable model EoSs
(see, e.g., [12] for a recent example).

Another piece of information gathered from the multimessenger observation of the GW170817 merger event is related
to the presence of an EM counterpart, including the slightly delayed gamma ray burst [74]. It is commonly accepted that in
particular the gamma ray burst signaled the presence of gravitational collapse to a black hole, which — knowing the chirp
mass of the event — can be used to infer an upper limit for the maximal mass of stable neutron stars. In addition, the 1.7s
delay between the GW and gamma ray signals has been interpreted as an indication for the presence of an intermediate
state of either a hypermassive (more likely scenario) or supramassive (less likely) neutron star, respectively supported
by differential and uniform rotation [106–108]. Again, this information can be used to efficiently discriminate between
different proposed neutron-star matter EoSs by testing the maximal masses supported by non-rotating neutron stars and
those rotating at the highest possible (‘‘Kepler’’) frequency. Assuming that a hypermassive neutron star was created in the
GW170817 event would amount to setting the condition Mremnant ≥ Msupra, while the case of a supramassive star would
lead to the more conservative Mremnant ≥ MTOV, with MTOV denoting the maximal mass of nonrotating neutron stars (see,
e.g., [12] for a detailed discussion of this issue). These two conditions enable one to discard EoSs that produce MTOV values
too high for gravitational collapse to have taken place in the relevant limit.

Finally, while a postmerger ‘‘ringdown’’ signal was not recorded for GW170817 due to the decreased sensitivity of the
LIGO and Virgo instruments to the high frequencies involved in this part of the waveform, overcoming this barrier in a
future merger event remains an intriguing prospect. The postmerger signal carries valuable information of the violent
processes involved in the evolution of the system, and could, e.g., be used to probe the existence of a first order phase
transition between nuclear and quark matter. This scenario has been studied via relativistic hydrodynamic simulations
e.g. in [109].

In addition to the quantities discussed above, there are a number of other neutron-star properties that may become
measurable in the future and that carry important information about the inner structure of the stars. An interesting
subclass of these is formed by the moment of inertia I , the quadrupole moment of the mass distribution Q and so-called
Love numbers, typically denoted by kn [110]. Curiously, there exist a number of relations between these quantities that
appear to be universal in the sense that they are obeyed by (nearly) all proposed neutron-star matter EoSs [111]. This
universality allows one to determine the values of other quantities from the measurement of one and in addition paves
the way to nontrivial tests of GR through neutron-star observations. We refer the interested reader to the extensive review
article [112] for further information on this interesting topic, which is somewhat outside the scope of our current review.

2.3. Equation of state: combining theory with observations

Before proceeding to the main topic of our review, we want to briefly examine how far the above theoretical and
observational insights get us in deciphering the properties of dense QCD matter in a model-independent fashion. This
question is clearly of utmost importance in identifying where holographic methods can be expected to make their most

significant contributions to the field of neutron-star physics.

8



C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972

w
t
c

3

t
w
e

b

Fig. 6. The allowed EoS and MR bands corresponding to the assumption of a hypermassive neutron star as an intermediate state in GW170817 and
using the lower limits 10.7 km, 11.4 km, and 12.2 km for the radius of a 2M⊙ neutron star.
Source: The figure is taken from [12].

To put both the theoretical and observational results to optimal use, a natural way to proceed is to interpolate the
EoS of dense beta-equilibrated QCD matter from low to high densities, ensuring that the CET and pQCD limits are met
and that all the astrophysical constraints discussed above are satisfied. Such an approach requires the building of large
ensembles of EoSs that include all possible physical behaviors of the quantity, which is most easily achieved by dividing
the density interval from approx. ns to 40ns to multiple segments. On each of them, we then assume that the true EoS
can be approximated by a simple ansatz function, such as a polytropic function in baryon density, p = anγ , or that it can
be integrated from a similarly simple ansatz for, e.g., the speed of sound squared.

Interpolation calculations of the type described above have been performed since the 2014 article [113], which was
motivated by earlier extrapolations of the CET EoS, carried out e.g. in [52]. More recent works include [9,12,54,55], of
which the most recent article [12] implemented the largest set of observational constraints so far. These include the
existence of two-solar-mass neutron stars, the LIGO/Virgo constraints on the tidal deformability parameter Λ̃, the recent
NICER results for the radius of the massive neutron star J0740+6620, and the presence of either a supramassive or a
hypermassive neutron star as an intermediate state in the GW170817 merger.

In Fig. 6, taken from [12], we display EoS and MR bands corresponding to an ensemble, where one assumes the
generation of a hypermassive neutron star in GW170817. In the three plots on both rows, one uses three different lower
limits for the radius of PSR J0740+6620, ranging from the most conservative 2-σ limit of the Amsterdam subgroup of
NICER [99] to the most aggressive 1-σ limit of the Maryland one [97]. Just as in Fig. 2, the color coding corresponds to
the maximal value that the speed of sound squared reaches at any density, while the dashed lines correspond to results
obtained with no information on the final state of the GW170817 merger or the radii of massive neutron stars. As these
results suggest, while the EoS is starting to be rather strongly constrained, there still remains considerable freedom in
particular in the crucial density interval between the CET regime (marked ‘‘Nucl’’. in the figure) and the gray ϵTOV segment,
here the centers of maximally massive neutron stars lie. This density range, where QCD is strongly coupled and where
he deconfinement transition is expected to lie, is also clearly the one where holographic methods have the most to
ontribute.

. Holographic description of dense strongly interacting matter

Moving finally to the main topic of our review, we will next introduce the holographic approach that will later be used
o address questions concerning dense strongly interacting matter. With our ultimate focus in the physics of neutron stars,
e will outline the most relevant building blocks needed to achieve a realistic framework able to describe matter in this
xtreme limit.
The early works applying holographic methods to describe compact stars typically constructed stellar solutions in the
ulk of asymptotically anti de Sitter spacetimes [61,62]. The dual interpretation of these bulk solutions was in terms

9
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of phases of a degenerate Fermi gas. The activity then branched off towards condensed matter applications with such
solutions better known as electron stars and clouds [65,114–116]. The body of work that aims to make contact with
astrophysical compact stars is quite disparate from these. We will henceforth only focus on those results that use the
AdS/CFT duality to model QCD-like matter at high density and do not attempt to interpret the corresponding gravity
solutions in our daily life. In other words, the corresponding gravity solutions in, say, asymptotically AdS spacetimes do
not have a direct relation to compact stars obtained as solutions of the TOV Eqs. (1) in asymptotically flat spacetimes.

3.1. Ingredients of dense holography

In this review we have an eye toward dense QCD. To this end, we first give a lightning review of the necessary building
locks that enable studying flavor dynamics using the gauge/gravity duality. We start by reminding the reader how the
auge/gravity duality incarnated and then gradually introduce further concepts in the field theory together with how they
re dealt with on the dual gravity side.
Let us start by recalling some basic aspects of the gauge/string correspondence. Its bedrock is the dual viewpoint of

stack of D-branes [117]. On one hand, the endpoints of open strings sweep out a hypersurface in a ten-dimensional
pacetime. The dynamics of charged degrees of freedom attached to the endpoints are governed by a gauge field theory.
n the other hand, D-branes themselves are massive objects and they bend the spacetime where they reside. A huge
tack of D-branes can be replaced with a (classical) closed string theory living in the resulting curved geometry. The first
oncrete example realizing this notion is the reinterpretation of (3+1)-dimensional N = 1 SU(N) super Yang–Mills (SYM)
theory as a Type IIB string theory living in AdS5 × X5 equipped with self-dual five-form flux [4]. If the Sasaki-Einstein
manifold X5 is the round five-sphere S5, the dual field theory is the famous N = 4 superconformal SU(Nc) theory. Since
then an infinite number of examples have been discovered; see, e.g., [118].

The gauge/string correspondence, or AdS/CFT duality, is a strong/weak duality in the sense that the gravitational theory
is weakly curved when the effective coupling of the gauge theory is large and vice versa. The precise statement of the
duality is that local (gauge-invariant) operators in the field theoryO(x) map to fields φ(x, r) in the bulk gravitational theory
with r the radial coordinate, such that the quantum field theory (QFT) generating functional depending on a given source
φ0(x) dual to an operator O is equal to the bulk partition function with the boundary condition φ(x, r →∞) = φ0(x) [119],

ZQFT[φ0] = Zstring theory[φ]

⏐⏐⏐
φ(r→∞)=φ0

. (3)

What makes this duality useful is the remarkable feature that in the limit where the QFT possesses a large number of
degrees of freedom and is strongly coupled, the dual description reduces to classical supergravity Zstring theory ≈ ZSUGRA.
In other words, in this limit we only have to solve classical equations of motion in Einstein’s theory, perhaps including
some additional fields. For a gauge field theory this limit is typically achieved when not only is Nc large, where Nc is the
rank of the gauge group, but the ‘t Hooft coupling λYM = g2

YMNc is also sizeable.
In order to extend the AdS/CFT correspondence to theories closer to dense QCD, the minimal requirement is to be able

o incorporate matter (flavor) degrees of freedom transforming in the fundamental representation of the gauge group. A
tandard procedure to incorporate flavor in the holographic correspondence is to include so-called flavor branes [120].
hese extra branes fill the gauge theory directions and are extended also along the holographic coordinate. In the case
f N = 4 SYM, whose gravity dual is obtained from the near-horizon geometry of a large stack of D3-branes, the much
tudied N = 2 supersymmetric example entails flavor D7-branes intersecting color D3-branes in 3+1 dimensions of their
orldvolume. We have depicted this particular brane intersection configuration in Fig. 7.
If the number Nf of D7-branes is small compared to the number Nc of D3-branes, one can adopt a so-called quenched

pproximation, in which the flavor branes are considered probes which do not alter the background geometry generated
y the color branes. On the field theory side, quenching corresponds to disregarding the dynamical effects of quarks.
his means that quantum effects produced by fundamentals are neglected and, accordingly, quarks are considered
emi-classical dynamical sources that do not appear as closed loops in Feynman graphs. To go beyond the quenched
pproximation and to obtain solutions of gravity with brane sources that include the backreaction of the flavor branes
hen Nf ∼ Nc (see [122] for a review), one generally needs to simplify the problem. One possibility is to introduce
smearing procedure which leads to a system of equations of motion with delocalized flavor sources which, in many
ases, can be solved analytically. The solutions capture some important physical features which are related to the quantum
ffects of quarks, such as the effects of the fundamentals on the running of the couplings.
To map out the blueprint for flavor dynamics in holographic models, we recall how other physical features are encoded

n the dual gravity description of the D3-D7 system. If the number of flavor branes is small Nf ≪ Nc, the matter in the
nderlying gauge theory can be described by the dynamics of probe D7-branes in an ambient background spacetime. If
e are further interested in the high temperature deconfining or plasma phase, then the spacetime geometry has a black
ole [123]. The temperature and entropy density of the black hole are identified as the temperature and entropy density of
he adjoint matter in the gauge theory, respectively. At low temperatures, and thus low energies, there can be a transition
o a confining phase, with the exact details depending crucially on global symmetries and the relevant deformations of the
auge theory. In the vanilla example of probe D7-branes embedded in AdS5×S5, corresponding to quenched fundamental
atter in N = 4 SYM, this deconfinement–confinement transition happens at any non-zero temperature, no matter
10
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Fig. 7. Schematic illustration of the probe D3-D7 model. Open string degrees of freedom representing fundamental quenched quarks as attached to
D7-branes at their endpoints. In the decoupling limit (Nc → ∞ with λYM and Nf fixed), the D3-branes are replaced by the geometry, where the
djoint degrees of freedom (3-3 strings) are represented by closed strings in the geometry and mesonic states (7-7 strings) by fluctuations of the
lavor D7-branes. In this limit, the 7-7 strings do not interact with 3-7 or 3-3 strings anymore, which means that the group U(Nf) on the D7-branes
ecomes the global flavor group in the ambient (3+1)-dimensional SYM theory; see [121] for more details.

ow small. For a Witten background [123] that is generated by D4-branes with one spatial dimension x4 curled on a
circle the deconfinement–confinement phase transition is happening at a temperature of the order of the inverse size of
the radius of the circle. In the dual gravity side this is marked by the Hawking–Page transition from a geometry with a
black hole to one without. The two geometries are doubly Wick-rotated cousins, where in the Euclidean geometry time
x0 is periodic with a radius equal to the inverse temperature. The circle of smaller radius collapses in the interior, so
the transition is happening right when the two circles are of the same size; see Fig. 8 for illustration. Adding flavor in
the Witten background by D8-D8-brane pairs corresponds to the well-studied Sakai–Sugimoto model [124–126], but so
long as the D8-brane pairs are treated as probes they will not affect the temperature, at which the deconfinement phase
transition takes place. On the contrary, if the flavor branes do backreact on the geometry, they also alter the transition
in a non-trivial way. From now on, when we have the deconfining phase of the gauge theory in mind, we associate this
to the dual geometry with a black hole in it, irrespective of whether flavors are treated in a quenched or unquenched
manner.

To describe matter at nonzero density in holography, one needs a non-trivial U(1) temporal gauge potential A = Atdt
in the bulk theory. Per standard AdS/CFT dictionary, the chemical potential in the boundary theory is identified as the
boundary value of this gauge field:

At (r →∞) = µ . (4)

The sources of the gauge field are open string endpoints in the bulk and they can be either cloaked behind the black hole
horizon or diluted on the worldvolume of the flavor branes.

We have now introduced two dimensionful quantities T and µ, with which we could already discuss the phases of
the theories of interest. However, one can in addition break conformal invariance at the outset either explicitly, e.g. by
introducing masses for the fundamentals, or spontaneously, by not introducing any additional sources but making sure
that it is energetically more favorable to have non-trivial field profiles in the bulk spacetime that near the boundary
give rise to non-zero vacuum expectation values for corresponding operators. For example, one can have phases with
spontaneously broken chiral symmetry ⟨ψ̄ψ⟩ ̸= 0 without the introduction of a bare mass for the fundamentals. Such a
scenario can take place if the dual background geometry has an intrinsic energy scale such as the size of the circle in the
above-mentioned Sakai–Sugimoto model [124–126] or via an engineered logarithmic running of the coupling constant in
the so-called improved holographic QCD [38,39] (see also [127]) and its flavored incarnation V-QCD [128]. In the latter,
the letter V stands for the Veneziano limit of Nf/Nc = fixed while Nf,Nc →∞.

3.2. Overview of different models for dense quark matter

Given the more general introduction to salient details of holography and the necessary ingredients to make contact
with dense QCD, let us be more detailed in this subsection. We will also list, as well as explain the differences, of all
models that have been used in the context of the cold and dense environment typical of neutron-star interiors.
11
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Fig. 8. The cylinder and cigar solutions in the Witten background for the deconfined (T > Tc ) and confined (T < Tc ) phases. Here u is the
olographic radial coordinate and x0 and x4 are the Euclidean time and the spatial directions compactified on circles of circumference 1/T and
π/MKK , respectively. The relation between uKK and MKK can be determined by demanding the vanishing of the conical singularity of the background.
he Nf probe D8-branes (D8-branes) give rise to Nf right-handed (left-handed) massive quarks in the dual quantum field theory for non-antipodal
rane embeddings (antipodal embedding gives massless quarks). The branes connecting in a ‘‘U’’-shaped configuration at T < Tc can be interpreted
s the geometrical realization of chiral symmetry breaking.

The dynamics of Nf flavor degrees of freedom in the field theory stem from studying a collection of Nf Dq-brane actions
f the type

Sf = Tq

∫
Σq+1

dq+1ξe−φ
√
− det(ĝµν + B̂µν + 2πα′Fµν)+ Tq

∫
Σp+1

∑
n

Ĉn ∧ eB̂+2πα
′F , (5)

here the Regge slope is related to the string length as α′ = ℓs2, the tension of the brane reads Tq = (gs(2π )qα′(q+1)/2)−1,
nd the multiplicative closed string coupling gs is related with the additive normalization of the dilaton field [129]. This
ction should be considered in the presence of gluonic degrees of freedom represented by Type IIA/IIB supergravity actions.
n other words, the actions (5) are treated as sources, feeding to the right-hand side of the Einstein field equations.

The first term in (5) is the Dirac–Born–Infeld (DBI) action [130,131] and the second term is the Wess–Zumino (WZ)
ction [117]; see also lecture notes [132,133]. Here the hats denote pullbacks of the (bulk) fields onto the (q + 1)-
imensional worldvolume Σq+1 of the Dq-brane with coordinates ξi, i = 0, . . . , q, while in the WZ term one restricts
he sum involving the Ramond–Ramond potentials Cn, field strengths F , and NS-NS two-form fields B in such a way that
he resulting integrand is a (q+1)-form. There could also be curvature corrections entering in the WZ action [133]. In the
est of this subsection, the WZ term does not play any role as we are not considering nonzero magnetic fields. However,
n Section 3.3 a WZ term of this form is important, since one is interested also in solitonic solutions in the worldvolume
f D-branes.
Of course, even in the absence of an NS-NS B-field and vanishing gauge fields F = 0, no general solution to the Euler–

agrange equations stemming from a collection of actions (5) in the ten-dimensional supergravity background exist. This
s due to various reasons: any non-coincident brane distribution leads to partial differential equations with Dirac delta
unctions appearing in, e.g., Einstein equations, and for the non-Abelian F ̸= 0 case of a coincident Dq-brane stack the very
efinition of the DBI action is ambiguous (related to different possible trace prescriptions over flavor indices), to name
few. However, progress can be made by invoking different simplifications, or combinations thereof: (1) by considering
parametrically small number of flavor branes, the so-called probe limit Nf ≪ Nc, in which case one can ignore the
ackreaction on the background geometry; (2) by considering only Abelian gauge fields and coincident brane distributions,
n which case one can essentially take a sum of (5); (3) by expanding the non-Abelian actions (5) to low orders in F 2, the
trace prescription of which becomes unambiguous; (4) by smearing the Dq-branes over the transverse directions which
renders the PDEs to ODEs; or (5) by ignoring the internal geometry, which we think of as a string-inspired bottom-up
approach.

Remarkably, many of the approaches mentioned above can be described in a unified manner [134,135]. An action that
combines the different approaches consists of two separate pieces

S = S + S , (6)
total g f
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where Sg denotes the glue action and Sf is the flavor action. These two take the explicit forms

Sg =
1

2κ2
5

∫
d5x
√
−g

(
R−

1
2
∂ρφ ∂

ρφ − V (φ, χ )
)

(7)

Sf = −
Tb

2κ2
5

∫
d5xZ(φ, χ )

√
− det

(
gµν + κ(φ, χ ) ∂µχ ∂νχ +W(φ, χ ) Fµν

)
, (8)

here R is the 5D Ricci scalar, Tb is the tension of the branes ∝ Nf/Nc, and φ, χ are scalar fields. The potential functions
, Z, κ, W depend on these scalars and their exact interpretation varies with the model in question. Roughly, the field
corresponds to the dilaton field which maps to the coupling constant in the field theory, while χ maps to the operator
¯ ψ , a non-trivial behavior of which leads to non-trivial chiral dynamics. We note that this action is written directly in
ive-dimensional language. To cast a model in this form requires a careful dimensional reduction down to five dimensions.
n [134,135] this was obtained for the D3-D7 probe model. Explicitly,

D3-D7 :
Tb

2κ2
5
= 2π2 T7 Nf , φ = 0 , V = −

12
L2
, W = 2πℓ2s , κ = 1 , Z = L3 cos3 χ , (9)

with the relation to the ’t Hooft coupling λYM = 4πgsNc taking the form L4

ℓs4
= λYM. The scalar field χ = χ (r) depends

on the radial direction and can be identified with the azimuthal angle θ (r) of the internal S3 space. The other radially
dependent field is the temporal gauge potential Frt = A′t (r), which is crucial to model non-zero density of flavors in the
field theory. The probe D3-D7 system at finite baryon density was first studied in [136,137].

There is also a refinement of the probe D3-D7 model, which adds a phenomenological component [138,139]. The idea
there is to have a running quark mass to give rise to a richer phase diagram that would resemble QCD better. The approach
includes an effective dilaton that controls the running of the anomalous dimension of the quark bilinear. Interestingly,
this results in a chirally broken finite density phase which appears at intermediate chemical potentials. Similar chirally
broken deconfined phases are also possible in V-QCD but this phase turns out to be subdominant at intermediate densities
when the V-QCD model is carefully tuned to match onto lattice QCD data at vanishing chemical potential.

The D3-D7 model as laid out above can only be trusted up to first order in a parameter Tb ∝ Nf/Nc. Since the
dual field theory for AdS5 × S5 without flavor is conformal, the supposition is that the addition of extra degrees of
freedom will render the beta function positive. This indeed happens and leads to a pathological UV limit signaled by
the appearance of a Landau pole. On the gravity side, this amounts to complications, too, as one needs to set up the
holographic dictionary at a finite cut-off surface [140–144]. Nevertheless, similarly to QED, one can have meaningful
discussions of the IR physics even with pathological UV behavior assuming that a scale separation exists. This scale
separation is controlled by the combination λYMNf/Nc, i.e. the weight factors for the internal flavor loops. This implies
that there would be an obstruction to considering Nc and Nf to be of the same order. One can, however, determine the
effects of unquenched quarks via an expansion in λYMNf/Nc. Indeed, several works have considered backreacted D3-D7
systems in the smeared approximation [140,142,144,145] also at finite density [141,143,146,147]. This is an important
road to follow as the quenched approximation is expected to break down at low temperatures and finite density [147,148].

Besides flavoring the AdS5 × X5 with X5
= S5 in the D3-D7 model discussed above, the top-down flavored

configurations resembling QCD have been considered in the confining cascading Klebanov–Witten theory [149] with D3-
branes placed not in flat space but at the tip of the Calabi-Yau cone over the 5d Sasaki–Einstein manifold X5

= T 1,1.
The conifold can be resolved and deformed, the corresponding theories are called Klebanov–Tseytlin [150] and Klebanov–
Strassler [151] theories. The works studying flavors in these geometries include quenched approximations with probe
D7-branes [120,152–155] as well as extensions to unquenched massless flavors in [140,142,156,157] and massive ones
in [140,158,159], where one uses the smearing approximation to backreact the D7-branes [122].

So far, none of the backreacted top-down constructions have been considered in the high density and small tem-
perature context of neutron stars. In principle, one could make general remarks, if one were able to write down the
dimensionally reduced action in the form of Eq. (6). Alas, dimensional reduction down to five dimensions of backreacted
systems is not easy, especially when the unquenched flavors are massive. Moreover, to date no examples exist where
massive flavors are treated at finite temperature, let alone at also finite density.

Another popular approach in holographic QCD is to consider pairs of D8-D8-branes in the Witten background, i.e., the
akai–Sugimoto model introduced earlier. The dual field theory in this case is five-dimensional, and there is no UV fixed
oint. Besides this, the Sakai–Sugimoto model is probably the closest top-down holographic model to planar QCD, as one
an describe in very simple geometric terms many physical properties such as confinement, chiral symmetry breaking, and
he confinement–deconfinement phase transition [126]. However, since the model is intrinsically non-supersymmetric,
inding a backreacted solution to the geometry is complicated. Works in this direction include [160,161], though so far
nly at small baryon densities. To this end, all works at high density feature with quenched quarks. In addition to this,
o describe deconfined quark matter, one needs to consider an uncontrolled extrapolation from the high temperature
hase down to small temperatures, if one is interested in quark matter in the regime relevant for neutron stars. On the
ontrary, however, one can directly consider baryons within the Sakai–Sugimoto model at vanishing temperature. This
eads to very realistic equations of state for the nuclear matter phase and thereby also to realistic compact stars [162] as
ill be later discussed in this review.
13
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In a bit more detail, the Sakai–Sugimoto model consists of Nc D4-branes in Type IIA string theory wrapping a circle with
antiperiodic boundary conditions for fermions, and then Nf probe D8-branes at a point on the circle as well as Nf probe
D8-branes at another point on the circle. At energies well below the Kaluza–Klein scale, the spectrum on the D4-branes
is precisely that of massless four-dimensional ‘‘QCD’’ SU(Nc) Yang–Mills theory with Nc colors of gluons and Nf flavors of
quarks. The holographic dual geometry description emerges as usual in the large-Nc limit, in which case the D4-branes
are replaced by their near-horizon supergravity background. The action for the probe branes in this case is (the collection
of) DBI actions in (5) with q = 8. One crucial difference to the probe D3-D7 model is that the dilaton is not constant but
depends on the holographic radial coordinate. It actually grows and diverges towards the boundary of spacetime which
is the manifestation of the fact that there is no UV fixed point in the boundary field theory. The Sakai–Sugimoto model
at finite baryon density has been considered, e.g., in [162–170] and at finite isospin density, e.g., in [171–173].

In addition to the above, also other probe Dp-Dq systems [174–179] have been investigated in the context of high
density and low temperature, with results applied to the physics of compact stars [180,181]. As long as p ̸= 3, similarly
to the Sakai–Sugimoto model (p = 4), the dual bulk spacetime is not asymptotically anti de Sitter, i.e., there is no UV
fixed point in the field theory. Nevertheless, such Dp-Dq configurations provide a useful testing ground for ideas born out
of other holographic frameworks, and, of course, vice versa.

Let us then switch to models which are more phenomenological and hence further relax the string theory constraints.
The most developed of these is arguably the V-QCD model. Being five-dimensional, this model assumes the form of the
action (6) directly. In the chirally symmetric situation, this action reads

SV-QCD =
1

2κ2
5

∫
d5x
√
−g

(
R−

4
3
(∂λ)2

λ2
− V (λ)

)
−

Nf

2Ncκ
2
5

∫
d5x Vf0(λ)

√
− det

(
gµν +W(λ) Fµν

)
. (10)

ote that here the scalar φ has been redefined, λ = e
√
3φ/
√
8, since in this normalization the source term of the dilaton λ at

he boundary matches the ’t Hooft coupling in QCD at two loops. The dilaton here depends on the holographic coordinate,
hich corresponds to the running coupling in V-QCD, while in the D3-D7 model above it is constant. Moreover, unlike in
he D3-D7 model, here we assume the limit Nc,Nf →∞ while keeping Tb = Nf/Nc fixed, which means that the flavor part
(second term) is fully backreacted with the gluon sector (first term). The V-QCD model without flavors is called improved
holographic QCD (IHQCD) which is a gravity dual to pure Yang–Mills theory in the large-Nc limit [38,39,182].

As mentioned above, in (10) we have set the (tachyon) scalar field χ appearing in (8) to zero. This field is dual to
the chiral condensate ψ̄ψ , whose boundary value is related to the masses of the quarks; see [183–187] for discussions
specifically in the V-QCD and [188–191] in the Sakai–Sugimoto models, respectively. In the Sakai–Sugimoto model, this
amounts to considering non-antipodal D8-brane embeddings.

The equations of motion following from (10) are downright gross, and there are no known analytic solutions given the
rather complicated potentials which will be discussed below. One can analyze the EoM asymptotically in the IR part of the
geometry [135] and fields close to the boundary to yield observables [192,193]. Only the temporal gauge field At can be
eliminated from the system as in D3-D7 model, as it is a cyclic coordinate in the action. In the limit of small temperatures,
keeping µ finite, the IR part of the geometry resembles a small black hole, and precisely at the T = 0 point there is an
AdS2 fixed point; see [135] for a discussion of the solution space thereof and [193] for a discussion of the fluctuations.

The potentials in (10) are chosen to match several qualitative and quantitative features of QCD, namely, confinement
and asymptotic freedom both for weak [38,128] and strong [39,128,187,194–196] Yang–Mills coupling. The selection of
the analytic forms of the potentials is explained at length in a concurrent review [58], and their precise definitions are
collected in Appendix C of [135]. It is very crucial to keep in mind here that while the analytic forms of the potentials are
very stiff, there are many free parameters due to the model being phenomenological. The remaining degrees of freedom
are heavily constrained by a precise fit to lattice data of the thermodynamics in the glue sector [197] and in the flavor
sector [198] in pure Yang–Mills and (2+1) flavor QCD theories, respectively. In Fig. 9, we show the results of the fitting to
the thermodynamics of gluon and flavor data, while in Fig. 10 we display the fitting to the baryon number susceptibility.
Especially the latter case is important in order to have a meaningful base to expect reasonable results when extrapolating
to higher densities. The resulting EoS for quark matter is not completely unambiguous as the fitting at small chemical
potentials is not restrictive enough; in particular, the normalization of the gauge field is not determined by the first
cumulant χB = (∂2p/∂µ2)|µ=0 [199]. The spread of all realistic possibilities is, however, well represented by the choice of
three distinct potentials, which will in the following be called soft (Pot. 5b), intermediate (Pot. 7a), and stiff (Pot. 8b) [198].
What we mean by realistic possibilities has to do with comparison to known theoretical and astrophysical bounds on the
EoS at finite densities but very low temperatures, to which we return in the next section.

Other well-studied bottom-up models for QCD are based on Einstein–Maxwell-scalar theories [127,203,204]. They can
be viewed as Taylor expanded versions of Eq. (6) with vanishing χ = 0, as one expands the flavor brane action up to
second order in the gauge field strength F 2. In a string theory setting, this means that one expands up to second order in
α′ = ℓs

2; to exemplify, see the action for the D3-D7 setup (9). This exercise would lead to the action

S =
1
2

∫
√
−g

(
R−

1
∂µφ∂

µφ − V (φ)− f (φ)F 2/4
)
. (11)
2κ5 2
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Fig. 9. Fitting V (λ) to large-Nc pure Yang–Mills lattice data for thermodynamic quantities (left) and Vf 0(λ) to QCD lattice data for the interaction
measure (right). The red, blue, and green curves on the left correspond to the energy density, pressure, and interaction measure, respectively. On
the left, the solid curves and error bars stand for the lattice data [200], and the dashed curves for fits. On the right, the red dots and error bars
show the lattice data [201], while blue curves are the fits.
Source: Both figures are adapted from [198].

Fig. 10. Fitting W(λ) to QCD lattice data [202] for the baryon number susceptibility χB = (∂2p/∂µ2)|µ=0 in V-QCD. The red dots and error bars
how the lattice data, and green and blue curves are the fits.
ource: The figure is adapted from [198].

t is worth noting that this action has also been fitted to lattice data [127]. The refined version of the original model
ntroduced in [127] is given in [205], with the potentials appearing in (11) reading

V (φ) = −12 cosh(0.63φ)+ 0.65φ2
− 0.05φ4

+ 0.003φ6 (12)

f (φ) =
1

(1+ c3) cosh(c1φ + c2φ2)
+

c3
(1+ c3) cosh(c4φ)

, (13)

here c1 = 0.27, c2 = 0.40, c3 = 1.70, c4 = 100, and κ2
5 = 11.56. Other parametrizations for the potentials also lead to

good fits to lattice data [206,207]. However, the low-temperature and high-density regime has received little attention,
with a notable exception being [208], where f (φ) = 1 is used.

All of the above models deal with spatially homogeneous and isotropic phases, which are viewed as duals of a
deconfined quark matter phase. One other underlying assumption is that quark matter is considered to be unpaired, i.e.,
we do not expect any pairing mechanism to be present. It is, however, quite likely that at extremely high densities and low
temperatures the dominant phase of holographic quark matter would be something resembling the color superconducting
phases expected to occur in real QCD [1,32,209]. In holography, several works have addressed this extension [210–219],
and they, too, can be roughly divided to two categories: top-down and bottom-up. The mechanism behind obtaining
paired phases, which we call finite-density Higgs phases, is to envision pulling out a substack of color branes from
the original stack of Nc D3-branes. This pulling out gives rise to gluon masses and should happen spontaneously,
i.e., when the baryon chemical potential is large enough so that the D3-branes are nucleated at a finite value of the
15
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bulk radial coordinate [215,216]. This position is related to the pairing gap. The mechanism higgses the gauge group
SU(Nc) →SU(Nc − n)×U(n) for n coincident branes localized outside the original stack, so there are new phases with
spontaneously broken color symmetry. One should note, however, that this type of a phase is not to be understood to be
on equal footing with the standard description of a color superconducting phase in QCD, because brane nucleation can
occur at large chemical potential even without any clearly distinguished baryonic or quark degrees of freedom. It is also
not clear if one should invoke descriptions involving Fermi surfaces at strong coupling. In both cases, though, there is
a spontaneous breaking of the gauge group. In bottom-up scenarios, one adds complex non-color singlet scalar fields to
the Einstein–Maxwell actions (11) [213,218], and at low enough temperatures these scalars develop vacuum expectation
values.

3.3. Holographic models for nuclear matter

Having discussed the deconfined quark matter phase above, let us next briefly explore the nuclear matter phase and
simultaneously give an overview of how nucleons are treated in holography. Nucleons, as all baryons, are heavy objects
in the large-Nc limit, and their treatment is not completely straightforward. To understand the asymmetry and large
hierarchy between mesonic and baryonic states in string theory, let us first recall how finite charge density emerges.

Above, we explained that to have nonzero electric flux, this quantity needs to be sourced by some objects in the bulk.
We can think of them as open string endpoints on D-branes. In a typical situation, and in the applications we have in
mind in this review, as the two endpoints carry opposite charges, the strings should be stretched between two different
D-branes to lead to a state of nonzero density. The situation in the above examples corresponds to cases where one of
the endpoints of the open string is on a flavor Dq-brane while the other endpoint is hidden behind the horizon. The field
theory interpretation of this is a heavy quark traversing a plasma. At finite density, the open strings will pull the flavor
brane down to the horizon, and all sources of electric flux are cloaked [136].3

Another possibility for the open string endpoints is to find another D-brane that wraps all [221,222] (or some [223])
nternal directions of the geometry. In the field theory directions, this brane looks pointlike and is called a ‘‘baryon
ertex’’ [221,224–228]. It is a dynamical problem to determine where the brane dual to the baryon vertex wishes to
ettle down: to sit on a flavor brane, drop through the horizon, or lie somewhere in between. Each baryonic brane has Nc
trings attached to it, but a random configuration is not a solution of the equations of motion. There is a net force [225]
hat pulls the baryons onto the flavor Dq-brane, and the wrapped brane renders into a soliton configuration in the
orldvolume [124,229–231]. This solution can be obtained in holographic models when the WZ term (5) is nonvanishing.4
his setup will then correspond to baryonic matter on the field theory side. For a recent in depth review especially on
he holographic treatment of baryonic matter, see [58].

In addition to being non-perturbative objects (recall that the tension of the branes is ∝ 1/gs), holographic baryons
re also parametrically heavy because they are bound states of Nc strings [221,222]. In the string theory description at
arge-Nc, however, mesonic operators are constructed from light fields: they correspond to small fluctuations of flavor
ranes and can be described in terms of single open strings. There is therefore a large mass hierarchy between mesons
nd baryons in the standard holographic description, which is an artifact of the large-Nc limit and needs to be borne in
ind, recalling that such a hierarchy is not present in real QCD [232]. Interestingly, there is an alternative large-Nc limit

hat one could consider to construct baryonic operators [233], which alleviates this tension [234], but it has not yet been
onsidered in the neutron-star context.
Let us return back to the usual large-Nc limit and consider baryons as solitonic ‘‘instanton’’ configurations of gauge

ields in the bulk, similar to BPST instantons in Yang–Mills theory [221,235]. The disparity is that the time coordinate is
eplaced by the holographic coordinate r so that the baryon is a soliton (localized in space) rather than an instanton
localized in time). Baryons treated this way have been studied in the bottom up QCD model [236,237] and in the
akai–Sugimoto model [167,229,230,238–242] as well with corrections beyond the instanton solution therein [243–246].
ulti-soliton solutions have also been considered in the Sakai–Sugimoto model [168,170,247–250]. The holographic
olitons are topologically protected and carry the same winding number Π3(SU(Nf)) = Z as the skyrmions, in fact if one
rites down the action for the wrapped branes one finds that it bares close resemblance to the Skyrme model [124,125].
Within Sakai–Sugimoto, a rough model for physics of QCD at finite density was constructed early on in [163,166,167],

here the phase diagram was explored and shown to have features expected for QCD. Also, phases resembling quarkyonic
hases suggested to occur in large-Nc QCD [251–254], with recent applications in neutron-star context [255–259],
ay be possible in the Sakai–Sugimoto model [168,260]. At low densities, a simple approximation of treating baryons
s instantons with possible two-body interactions is reasonable. However, at higher densities many-body interactions
ecome increasingly important and at neutron-star densities even the holographic description is involved. Even worse,
t the large-Nc limit that holography assumes, the form of nuclear matter is not a fluid as expected for Nc = 3 but a

3 In the presence of Wess–Zumino terms, the brane may stay above the horizon as a magnetic field can effectively eat up the electric flux leading
to a vanishing electric displacement field at the lower end of the flavor brane. This leads to the existence of finite-density incompressible states
with a gap for charged excitations even in the deconfining phase [220].
4 For example, in the Sakai–Sugimoto model the RR potential Ĉ3 ̸= 0 leads, after partial integration and subsequent integration over the internal

directions, to a topological term
∫

Ĉ ∧ F 3
∝ −

∫
A ∧ F ∧ F which thereby sources the baryon charge.
Σ9 3 5
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crystal, a lattice of BPST instantons, with non-trivial transitions between phases as a function of density [247,261–264]. The
emergence of crystalline structure owes to two effects. First of all, the baryonic instantons squat: they are nonrelativistic
not only because they are heavy ∝ Nc but that their kinetic energy scales as ∝ N−1c . Second, the size of the instantons
scale as ∝ (

√
λYMMKK )−1 which means that at infinite coupling limit one cannot neglect stringy effects and one should

onsider finite-λYM corrections. Infinite coupling is insufficient to see the repulsive core of the instantons.
In nuclear matter, as described by QCD, at small distances we expect two instantons to overlap at high density as based

n phenomenological studies (see e.g. [265] for discussion). Similarly for holographic nuclear matter, for distances (≪√
λYMMKK )−1) we assume that due to repulsive interactions [266], the instantons begin to populate also the holographic

adial direction r and the lattice emerges [247] (in addition to field theory directions). The crystalline phases disappear
n the strict λYM →∞ limit though and one can follow the pointlike instanton description as first laid out in [163].

In [166] another approximation was proposed. There the instanton structure was replaced by a homogeneous non-
belian field, motivated by dense BPST instanton configurations which are smeared over spatial directions. In addition
o considering the original antipodal embeddings in the Sakai–Sugimoto model [166], this approach has been extended
o non-antipodal ones in [169] and to the case with isospin chemical potential in [162,173]. See also [267] for a slightly
ifferent smearing approach. The homogeneous approximation has also been applied in the V-QCD model [194,268,269].
nterestingly, the approach leads to realistic neutron-star physics as will be discussed in Section 4.3.

. Building compact stars with a holographic equation of state

Next, we proceed to discuss what we have learned from using the holographic approach to model dense QCD matter,
nd apply these lessons to the physics of compact stars. We start by discussing zero-temperature physics at high densities,
he deconfinement phase of quark matter and illustrate that holographic approach is also useful in this regime. We then
ontinue to outline some lessons that we have learned from holographic modeling of dense strongly interacting QCD
atter using holography. Final subsection discusses state-of-the-art holographic constructions that give realistic neutron
tars in the light of all available astrophysical and theoretical constraints.

.1. Proof of concept

The first work applying AdS/CFT methods to the study of neutron-star matter is invoked the D3-probe-D7 system [270].
aradoxically, this is likely one of the simplest models and yet, as we will see below, gives surprisingly realistic results.
he authors of [270] were able to demonstrate that the resulting EoS is in the same ballpark as those coming from naive
xtrapolations of CET results to higher densities.
In the D3-D7 system, the T = 0 EoS one can be solved analytically5 and reads [270,273]

ϵ = 3p+ 4m2
√
f0
√
p , (14)

here m can be interpreted as the constituent quark mass and f0 =
NcNf

4γ 3λYM
with γ = Γ (7/6)Γ (1/3)/

√
π . To connect

ith real QCD, one should extrapolate Nc → 3 and set Nf = 3. In [270], the authors also chose the value of the ’t Hooft
oupling λYM ≈ 10.74 so that in the limit of asymptotically high densities the pressure matches with that of pQCD,
.e. the free Fermi gas limit. One important underlying assumption is that all quark species have the same mass, in which
ase beta equilibrium and charge neutrality are obtained when the three chemical potentials agree. Both the pressure
and energy density ϵ are then functions of a single quark chemical potential µ. Fig. 11 illustrates that by judiciously

choosing the value m ≈ 308.55MeV, one finds that holographic quark matter, as modeled via the D3-D7 system, passes
non-trivial consistency tests: the pressure and the EoS are compatible with CET results at low densities and they match
onto constraints set by pQCD at high densities.

Given the success of describing quark matter in neutron-star conditions, one can ask whether the holographic results
might have predictive power in the context of neutron stars. To this end, the authors of [270] chose a hybrid approach,
using existing EoSs for nuclear matter, such as those extrapolated from CET [52] (denoted by HLPSs, HLPSi, and HLPSh
in Fig. 11) at low densities and then matching them to the holographic EoS at some intermediate density where the
two pressures coincide. This leads to strongly first order phase transitions (marked as black dots in Fig. 11) between the
two. In fact, all existing holographic models to date, matched this way onto ‘‘traditional’’ nuclear matter models, lead
to strongly first order phase transitions at least if all astrophysical constraints discussed in Section 2.2 are taken into
account. This seems to be one overarching prediction of many holographic models: if quark matter is described using
a holographic model, there are no quark matter cores inside quiescent neutron stars. This statement is best understood
by plugging in the EoS from Eq. (14), matched onto the HLPS curves shown in Fig. 11, into the TOV Eqs. (1). What one
finds are mass–radius relations depicted in Fig. 12: the MR-curves follow the corresponding ones of [52] up to the point
when they sharply bend down. This point is in one-to-one correspondence with the critical densities of the first-order
phase transitions. Stars residing on this black branch are unstable, as there exists an instability with respect to radial
oscillations [13]. The fact that the transitions are strong can to some extent be attributed to the matching procedure, and
is ultimately a consequence of the holographic EoSs being quite soft relative to the nuclear matter ones at the matching
densities. Holographic models therefore suggest that the maximum mass of neutron stars are set by the location of the
deconfinement phase transition.
17
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Fig. 11. Left: The colored curves correspond to nuclear matter equations of state from [52], the orange being the typical one, while red and green
ariants corresponding to the most stiff and soft variants, respectively. The black curve is the EoS from D3-D7 model. The dots represent the merging
oint where one assumes holographic EoS on the high density phase. Right: The same curves but in the pressure–energy density plane. The first
rder phase transition corresponds to the constant pressure dashed line segments. We note that the D3-D7 EoS curve enters the blue band on the
ight as dictated by the perturbative QCD constraints [23].

Fig. 12. Left: Self-gravitating compact stars depicted as solutions of the TOV equations with the hybrid EoSs of [270] described in the main text,
eading to no stable quark-matter cores. The color coding follows that of Fig. 11. Figure adapted from [270]. Right: The same result, but this time
ith hybrid EoSs based on merging nuclear matter model EoSs with three representatives of the V-QCD model. Again, no stable quark-matter cores
re possible due to sizeable latent heat associated with the phase transition.
ource: Figure adapted from [199].

In Fig. 12, we also show a figure obtained using the V-QCD EoS matched onto nuclear matter model EoSs6 to illustrate
the similarities with the above solutions based on the hybrid D3-D7/HLPS EoSs. More massive stars can be obtained
by considering rapidly spinning configurations using the V-QCD EoS [278], leading to the interesting suggestion that
the M = 2.59+0.08

−0.09M⊙ object of GW190814 [279] could have been a neutron star, void of a quark matter core. If one
implements the IR running of the mass parameter m in the probe D3-D7 model, the phase transition generically gets
slightly milder [139] and for a select window of parameters can lead to stable quark-matter cores [219]. Considerations
in Einstein–Maxwell-scalar theories as proxies for holographic deconfined quark matter [208] do not lead to stable
quark-matter cores even for the most massive stars.

4.2. Lessons from the deconfined phase

In the previous subsection, we found out that holographic QCD models can be compatible known theoretical bounds
in the neutron-star environment. The obvious follow-up question is the following: since holographic models can be used
to determine the EoS also in the no-man’s land outside the respective regions of applicability of both CET and pQCD,

1. can they be tuned to be compatible with different astrophysical bounds?
2. do they have real predictive power?

The answer to both of these questions is indeed affirmative, and will be discussed in due course. Let us, however, first
take a digression and dwell on a couple of novel aspects in which holography has already offered lessons beyond the
suggestion that the maximum mass of the neutron stars is likely set by the deconfinement transition.

5 It is also possible to obtain temperature corrections analytically [135,271,272].
6 One can extract the equations of state of DD2 [52], IUF [274,275], and SFHx [276] used in Fig. 12 from the online data base CompOSE [277].

One only needs to properly implement β-equilibrium and charge neutrality constraints to compare with V-QCD. The authors of [199] have also
supplemented the numerical data in the arXiv submission for non-zero electron fraction Y ̸= 0 and T ̸= 0.
q
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First, we consider the simple EoS of (14) alone, i.e. without merging it with any non-holographic EoS. It turns out that
n this case, one can solve for the TOV equations analytically in a perturbative manner. This is curious since there are not
any examples of EoSs which, after feeding into the TOV Eqs. (1), would lead to analytic results. The best-known analytic
xample was provided by Buchdahl [280], the EoS of which reads

ϵ = −
√
5p+ 12

√
p∗p , (15)

here p∗ is a parameter. There is clearly an interesting resemblance between Eqs. (14) and (15), inviting an analytic
ontinuation between the respective solutions of the TOV equations, but thus far attempts in this direction have failed.
ther known EoSs that provide analytic solutions are single polytropic ones,7 with polytropic index γ ,

ϵ ∝ p1/γ . (16)

hese will lead to solutions, where the radius R of the star scales with the mass M as

R ∝ M
γ−2
3γ−4 . (17)

At low densities or pressures, the D3-D7 EoS falls into the class of Eq. (16) with γ = 2. This means that a star
ade purely out of a miniscule amount of exotic quark matter, a nugget [283–285], will possess a non-zero radius. This
bservation provides a strikingly different mass–radius curve than those usually associated with exotic quark stars (see
eview [10] for a discussion of a variety of model EoSs and [286] for perturbative QCD): the MR-curve does not originate
rom the origin of the MR-plane. The mass–radius relationship for exotic quark stars composed of matter as modeled
olely using the D3-D7 EoS (14) reads perturbatively [287]

M(R) =
M0

c0

[
R0 − R
R0
−

c1
c0

(
R0 − R
R0

)2

+ · · ·

]
, (18)

here c0 ≈ 1.853, c1 ≈ 2.948, R0 = π/k, M0 = c2R0/G, and k2 = 32π f0m4G/c4. This perturbative expansion matches very
ccurately with the numerical results at smallish (R−R0)/R0. The analytic framework is robust enough to also allow for the
omputation of the electric Love number kel2 (related to the tidal deformability), quadrupole moment of mass distribution
, and moment of inertia I in perturbative series in compactness C = GM/(c2R):

Λ̄ =
2

3C2 k
el
2 ≈

2
3C2

[
0.260− 1.994C−2

]
(19)

Q̄ = −
M
I2

Q
Ω2/c2

≈ 0.261C−2 (20)

Ī =
c4

G2M3 I ≈ −30.35C . (21)

ere, the quantities on the left are dimensionless and Ω is the angular velocity of the star. The perturbative expressions
or the quantities I and Q require one to consider stars rotating with a small angular velocity Ω , and all numerical factors
re approximations of closed formulas. Higher order terms as well as other electric and magnetic Love numbers are also
vailable in [287].
The quantities (19)–(21) are scaled judiciously with the properties of the stars to make contact with quasi-universal

-Love-Q relations [112]. The reason to be interested in these quantities is that their ratios are largely insensitive to the
oS of stellar matter as suggested by the I-Love-Q relations. Indeed, even EoS following from the holographic modeling at
ll densities lead to results which satisfy these relations up to few per cent. The relations have been scrutinized also in the
-QCD model [268]; see also [242] for another holographic example. However, there is a catch as first pointed out in [287].
he relations can be violated by a lot (exemplified in [287] to 20% level), if there is a sharp phase transition happening
t lowish density, corresponding to radii not far away from the surface of the star. This is a generic result and not in
ny way tied with holographic modeling, as one can mimic any theory by simply forgetting about the microscopic origin
nd picking an EoS by hand [288]. Indeed, this possibility for the violation was soon also realized in non-holographic
rameworks [289,290] as well.8 See also the recent work [293], which studies generalizations of universal relations in
inary systems in the presence of first order phase transitions.
Interestingly, if one entertains the possibility of having an intermediate phase of exotic matter in the crust region of a

eutron star with a subsequent transition back to nuclear matter towards denser regions, as, e.g., described by the D3-D7
odel merged with HLPS EoSs with judiciously chosen parameter m, one cannot easily rule out the existence of such
tars [287]. They are compatible with known astrophysical bounds such as the tidal deformability bound provided by the

7 In addition, analytic solutions to TOV equations can be obtained by using constant energy density ϵ = const. (incompressible fluid) as well as
nergy densities given via radial profiles in Tolman IV and VII solutions [281]. Of these, Tolman VII is the most realistic one, while in the Tolman
V solution one has a nonvanishing surface density, a situation typical of stars made of strange quark matter [282].
8 The I-Love-Q relations were already previously known to break down for stars with large rotation rates [291] or in the presence of magnetic

ields [292].
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LIGO/Virgo collaboration [71] as inferred from the event GW170817. We note that qualitatively similar compact stars can
be obtained using the MIT bag model supplemented with quark pairing effects [288,294,295].

Absolutely stable strange quark matter exists if one can find an s quark chemical potential, for which the s quark density
s nonzero and the energy per baryon is lower than for nuclear matter at vanishing pressure [283–285]. The existence of
uark stars, i.e. compact star solutions built from such stable quark matter, is considered very unlikely, but has not been
onvincingly ruled out either. If one constructs stars made of quark matter provided by probe Dp-Dq-brane intersections,
ncluding the probe D3-D7 model, the results are typically incompatible with observed compact stars, often featuring
.g. unrealistically large radii [180,181]. It is thus safe to conclude that if quark stars built from an EoS resembling the
olographic candidates exist at all, they at least do not form the majority of all compact stars in existence.
Before moving away from the holographic description of (unpaired) deconfined quark matter, we finally briefly return

o the issue that ended the previous subsection and was illustrated in Fig. 12. If it is the case that the holographic EoS
or the quark-matter phase is universally very soft, then what can holography could offer beyond the prediction of the
bsence of stable quark cores? Even worse, as some evidence has already accumulated for stable quark-matter cores in
he most massive stars [9], one may wonder if the holographic approach is already doomed. It turns out that the answer
o the latter concern is quite surprising and singles out holographic scenarios from other nuclear matter models, as we
ill discuss in the following subsection. Here, we will however first address the first concern.
There are two important caveats to keep in mind. First, we have so far only focused on unpaired quark-matter phases,

nd second, even if quiescent neutron stars did not have quark-matter cores, deconfined matter may well be produced in
ther dynamical settings. In fact, it has already been argued that during the neutron-star coalescence, the temperatures
nd densities may well reach values large enough so that one ends up exploring the deconfining regimes of the QCD
hase diagram. Should a strongly first order phase transition exist, imprints thereof would likely be seen in GW data
orresponding to the ringdown phase [109,199,296,297]. In this context, it is important to realize that if quark matter
ndeed emerged during a merger, one would need to be able to describe matter in an out-of-equilibrium setting. At the
oment, holography provides the only first-principles field theoretical framework able to make predictions in such a
trongly coupled and time-dependent environment. To this end, we will in Section 5 describe the first such predictions,
orresponding to the transport properties of dense quark matter slightly perturbed from equilibrium.
Returning to the question of quark pairing, one may naturally ask, what are the most significant physical effects we

ave neglected so far by only considering unpaired quark matter? At the very least the transport properties of paired
atter would likely be wildly different, but one can also ponder if the equilibrium properties would be affected. The
tandard perturbative lore says that thermodynamic quantities, such as energy, pressure, and the speed of sound are not
ery sensitive to quark pairing at high chemical potentials, and that the pairing contributions will be subleading relative to
hose from unpaired colors and flavors [209]. However, we also know that at core densities, QCD is strongly coupled and
here is no guarantee that there is any meaningful notion of Fermi surfaces. Could the ‘‘paired’’ holographic quark-matter
hase be stiff c2s > 1/3, which would then allow stable quark-matter cores? Some indications towards this have been
ecently seen in an adjusted D3-D7 model, where color superconducting phases were included [213,219]. The paired
uark-matter phase was found to be stiff enough so that stable quark cores were reached.
Interestingly, in the early days of applied holography there was a conjecture on an upper bound for the speed of

ound in any physical system given by the conformal value c2s ≤ 1/
√
3, as all known examples of asymptotically

dS5 backgrounds obeyed this limit back then [298], with dynamically unstable solutions [299,300] being the only
nown counterexamples. There exist, however, several simple counterexamples to this conjecture. Among these there
re those that do not have a four-dimensional conformal fixed point in the UV, and thus do not correspond to ordinary
enormalizable field theories in four dimensions. Such ‘‘trivial’’ examples include (3+1)d probe intersection models D4-
6, D5-D5, and the D4-D8 Sakai–Sugimoto model [301]; see [178,179] for details. Another class of models are those with
onrelativistic backgrounds having Lifshitz scaling [302–305]. The violation of the bound is again in some sense trivial,
ince the dual field theory is nonrelativistic.
The works [306,307] provided a family of finite-density solutions in holographic models with UV fixed points. The

onclusion was that there is no universal bound for the speed of sound in holographic models dual to ordinary four-
imensional relativistic field theories. This came as good news for everyone wishing to build realistic holographic models
or high-density nuclear or quark matter, as common lore in nuclear physics states that significantly higher speeds of
ound are likely realized inside neutron stars. Thereafter, the ‘‘violation’’ of the bound was also reported in V-QCD in
he nuclear matter phase [194,268], in the phenomenologically adjusted D3-D7 model [138,219], in the presence of a
agnetic field [308–310], and in theories with multitrace deformations in the absence of chemical potential [311].

.3. Building a realistic neutron star

Having discussed the holographic description of the deconfined quark-matter phase at length above, let us next study
ow the nuclear matter phase can be described in a holographic setting. Recall that (unpaired) quark matter as described
y various holographic models is rather soft, meaning that the stiffness of the EoS as measured by the rate c2s = (∂p/∂ϵ)s
s small. This had the effect that isolated neutron stars cannot have stable quark-matter cores, as when even a tiny fraction
f quark matter appears in the core of a star, it immediately collapses into a black hole.
Interestingly, this result is at tension with recent results that most massive stars should have sizeable stable quark-

atter cores, unless the above rate, conventionally called the speed of sound, takes very large values c2 > 0.7 [9]. In
s
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Fig. 13. Left: The EoS bands spanned by the hybrid EoSs subject to different constraints. Right: The mass–radius curves constructed using the EoSs
of the left plot. The striped bands correspond to all of the hybrid EoSs, the light red bands to the ones not subject to the NICER radius constraints,
and the blue ones to the most stringent NICER radius constraint provided by Miller et al. [97]. Also shown are the V-QCD (APR) hybrid EoS curves
on red.
Source: Figure adapted from [269].

his subsection, we argue that this is in fact great news for the holographic models and show that bypassing some of the
nderlying assumptions in the analysis of [9] is a distinctive characteristic of holographic models.
To incorporate the nuclear matter phase in a holographic setting, let us first recall that at low densities (around and

elow the nuclear saturation density ns), one can systematically take interactions between nucleons into account in an
ffective field theory setup. However, when the densities considerably exceed the nuclear saturation density, nucleons
tart to overlap, with the convergence of the perturbative expansion suffering. One can thus ask, if it would be better to
witch to a holographic description already at densities slightly above ns, as an expansion around an infinitely strongly
oupled limit might in fact provide a better description.
One expects that the nuclear matter phase emerges through solitonic solutions in the holographic models, but as

iscussed in the previous section, simultaneously treating several solitons is complicated on the bulk gravity side. At
igher densities one can, however, ask if treating the solitons as a homogeneous configuration would be feasible. In this
egime, the QCD coupling constant is certainly still sizeable, and the holographic treatment thus remains well motivated.

In the following, we review some recent results stemming from ‘‘hybrid’’ constructions implemented explicitly in the
-QCD model [268,269,297]. The idea is that at very low densities one uses nuclear matter models that are still allowed
y astrophysical constraints, but when the densities exceed values in the ballpark of n ∼ 1.5ns one continuously switches
ver to the holographic model. To this end, the dense NM phase on the holographic side is chosen using the homogeneous
pproximation [194]. At even higher densities, one uses the same V-QCD model to describe the deconfined (unpaired)
uark-matter phase; that is, the deconfined–confined phase transition is described within the same model. The transition
urns out to be a strongly first order one over a variety of different weakly coupled nuclear matter models and where the
ump to the holographic modeling is implemented [268,269,278]. The implication is that no stars have stable quark-matter
ores.
The construction of choosing the hybrid EoSs is depicted in Fig. 13, where the largest striped band consists of

ll physically sensible EoSs. We have not chosen any particular model but instead considered a family of EoSs à
a [54,113,312]. The thermodynamic functions are arbitrary as long as the following conditions are met: the pressure
and the chemical potential µ need to be continuous, the thermodynamics has to be consistent (meaning ∂µp = n >
, ∂2µp > 0), and the speed of sound as measured by the rate c2s = (∂p/∂ϵ)s in ideal hydrodynamics cannot exceed unity
nywhere. Furthermore, we demand that at low density the EoS should be consistent with phenomenology and conform
ith CET predictions, while at very high density the EoS should agree with pQCD. Any EoS following from holographic
odeling or elsewhere has to lie inside this striped band.
In the light red bands of Fig. 13, two observational constraints are assumed: (1) the EoS should be stiff enough to

ustain at least two-solar-mass stars, Mmax ≥ 2M⊙ and (2) the tidal deformability of a slowly rotating neutron star should
onform with the updated LIGO/Virgo constraint [72]: 580 > Λ1.4 > 70. The blue and black bands in addition assume
hat the EoSs respect the two independent NICER teams’ (Riley et al. [98] and Miller et al. [97]) 1-σ estimates for the
quatorial radius of PSR J0470+6620, respectively; see [269] and Section 2.2 for a discussion on these specific numbers.
otice that older NICER results [313,314] for the lighter PSR J0030+0451 that constrain neutron stars with masses∼1.4M⊙
re also included in Fig. 13. They do not have a significant effect, as the most stringent constraints stem from restricting
he radii of two-solar-mass stars as inferred from observing PSR J0740+6620, and the EoSs that satisfy the newer Miller
t al. constraint [97] also satisfy the older radius constraints.
It is important to note that, as seen in Fig. 13, there are several hybrid EoSs that are consistent with all known

strophysical constraints. One example is offered by hybrid EoSs that at low densities correspond to the APR EoS [315],
21
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Fig. 14. Left: The EoSs from the Sakai–Sugimoto model. Right: The corresponding mass–radius curves. The four curves correspond to four sets of
parameters of the ’t Hooft coupling and the Kaluza–Klein mass scale (λYM,MKK ). Here, the surface tension is fixed to Σ = 1 MeV/fm2 . The dots
epresent the core densities for stars of 1.4 solar masses as well as the most massive stable ones.
ource: Figures adapted from [162].

escribing zero-temperature nucleonic npeµ matter in β-equilibrium, and are matched at ntr/ns = 1.6 with the
olographic model. These EoSs have been submitted to the online repository CompOSE (CompStar Online Supernovae
quations of State online service, https://compose.obspm.fr/ [277]) and are called V-QCD(APR) soft (using Pot. 5b): dotted

curve; V-QCD(APR) intermediate (using Pot. 7a): solid curve; V-QCD(APR) stiff (using Pot. 8b): dashed curve. The options
arise from the fact that holographic quark matter is not completely unambiguous as the fitting of the holographic model
to lattice QCD at low densities is not restrictive enough. The three potentials 5b,7a,8b represent a good selection of all
realistic possibilities; see Section 3.2 for further discussion. Interestingly, a careful fit to the hadron masses [316] seems
to favor the intermediate choice 7a over the soft 5b and stiff 8b choices.

The Sakai–Sugimoto model has also been applied to the compact star context and been shown to lead to realistic
outcomes [162]. Similarly to the V-QCD construction discussed above, nuclear matter is treated in the homogeneous
approximation, as a pointlike approximation for the baryons [163] does not lead to a sequence of stars which would
simultaneously satisfy the LIGO/Virgo tidal deformability constraint and support massive enough neutron stars [317].
More precisely, the work presented in [162] uses the revisited treatment of [173] with nonzero isospin chemical potential,
which includes leptons in order to maintain charge neutrality in the presence of a disparity between neutrons and protons.
The flavor action is treated in the Yang–Mills approximation.

A novel component in [162] is that the entire composition of the neutron star is modeled using holographic matter.
In particular, the outer crust is constructed using a mixed phase description, where nuclear matter is spatially separated
from the lepton gas. The ability to construct an entire star using holography is impressive: this has the advantage that
the entire star has a single microscopic description. There are a few parameters left free, namely the ’t Hooft coupling,
the Kaluza–Klein scale MKK , and a surface tension Σ , but choosing them appropriately one is able to produce EoSs inside
the previously discussed striped band in the regime where matter is expected to be strongly coupled. Moreover, the
mass–radius curves are also realistic. In Fig. 14, we have shown a sample of EoSs as well as mass–radius curves. It should
be noted that for all these parameter sets, the 1.4M⊙ stars conform with the LIGO/Virgo tidal deformability constraint
and that the EoSs support two-solar-mass stars.

As we have seen above, both V-QCD and the Sakai–Sugimoto model lead to realistic neutron stars and have predictive
power. Let us next discuss in more detail the latter aspect, i.e. precisely what predictions we can make. In both cases, the
nuclear matter phase is quite stiff which means that one generically finds larger radii than with approaches where CET
results are extrapolated [53] to larger densities. In particular, for M = 1.4M⊙ stars, the radii R(1.4M⊙) ≡ R1.4 are

V-QCD : 12.8km ≥ R1.4 ≥ 10.9km (22)
V-QCD with NICER constraints : 12.8km ≥ R1.4 ≥ 12.0km (23)

Sakai–Sugimoto : R1.4 ≈ (12.9, 11.8, 11.7, 10.7)km . (24)

In comparison, recent results based on CET calculations yield R1.4 = 11.0+0.9
−0.6 km [53]. We note that for the V-QCD

model the radii are constrained using the most recent NICER measurements for the radius of the millisecond pulsar PSR
J0740+6620. We expect that implementing these constraints in the Sakai–Sugimoto model would similarly tighten the
allowed window for R1.4 especially on the lower end; the numbers quoted in (24) correspond to the parameter sets
(λYM,MKK ) with fixed Σ = 1MeV/fm2 as used in Fig. 14.

Next, let us recall that the LIGO/Virgo constraint on the tidal deformability isΛ1.4 = 190+390
−120. The variation of the model

parameters both for the V-QCD and Sakai–Sugimoto model yield a window for tidal deformabilities Λ and predict as
1.4

22

https://compose.obspm.fr/


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972

S
l
S
c
m
G
n

f

i
h
t
n

c
t
W
s
t
t
a
b
a
n
t

3
n
t
s
p

5

e
s
c
c
t
s

t
J

lower bounds the somewhat higher values

V-QCD : Λ1.4 ≥ 230 (25)
V-QCD with NICER constraints : Λ1.4 ≥ 435 (26)

Sakai–Sugimoto : Λ1.4 ≥ 230 . (27)

imilarly to the radius predictions, the V-QCD result is tightened using the NICER measurements; the number in the middle
ine results from the most stringent Miller et al. [97] constraint. Interestingly, the V-QCD value would be equal to the
akai–Sugimoto value [268] if no input from the radius measurements is assumed. It is expected that implementing radius
onstraints for the Sakai–Sugimoto case would similarly elevate the lower value. If one further considers constraining the
aximum mass of neutron stars to be < 2.19M⊙ following the results of [12], obtained using the assumption that the
W170817 merger event was not a prompt collapse to a black hole but proceeded via an intermediate hypermassive
eutron star, one finds that the minimal tidal deformability for the V-QCD model is further increased: Λ1.4 ≥ 480 [269].

The most conservative estimate from [12] is on the other hand < 2.58M⊙, obtained by assuming gravitational collapse
rom a supramassive neutron star (see also [106–108,318,319] for similar results).

Finally, we can also spell out the key characteristics for the quark–hadron deconfinement–confinement phase transition
n the V-QCD model. The transition is strongly first order and takes place at the densities 6.8 ≥ nb/ns ≥ 4.3 with a latent
eat ∆ϵ in the excess of 750 MeV/fm3 if the NICER constraint is taken into account. Without considering this input the
ransition density does not happen below 4ns. In the Sakai–Sugimoto model, the transition to the quark-matter phase has
ot yet been studied but the expectation is that such a transition would take place at very high densities [162].
The prediction from the V-QCD model is that all compact stars are fully hadronic and there are no stable quark-matter

ores. The results for the Sakai–Sugimoto model mildly support this too as one has seen indications that deconfinement
ransition could only happen at very high densities, though a systematic study of the quark-matter phase is still lacking.
e can now contrast this result with the assertion on exactly the opposite [9], i.e., that it is likely that quiescent massive

tars have sizeable stable quark-matter cores. The key observation is that one of the main assumptions used in [9] is
hat when the adiabatic index γ = ∂ log p/∂ log ϵ falls below a somewhat arbitrarily chosen value 1.75, the phase of
he matter is classified as quark matter. We note that holographic nuclear matter behaves drastically differently than
ny model considered in [9], which lead to the selection of 1.75 as the critical value for this parameter. Note that the
ehavior of the adiabatic index can be compared with the behavior of the speed of sound as the quantities are related by
multiplication of p/ϵ. Holographic nuclear matter is again seen to be stiffer than those following from CET, so a possible
on-detection of quark-matter phases in neutron stars could be considered a positive sign for the holographic approach
o modeling strongly coupled matter.

Finally, we note that low values of γ can be also obtained for dense nuclear matter in models based on skyrmions [320,
21]. In the holographic context, however, while baryons resemble skyrmions, one does not find low values for the γ
either in V-QCD [194] nor in the Sakai–Sugimoto models [162,260,317] if one considers pointlike solitons. Thus far, only
he homogeneous approximation for the holographic nuclear matter phase has been shown to lead to realistic neutron
tars; see, however, a promising line of work in the six-dimensional AdS soliton setup which contains a superconducting
hase [322,323].

. Transport in compact stars

To a large extent, the structure of neutron stars is determined by the EoS and other bulk properties of matter in thermal
quilibrium. However, there are many questions pertaining dynamical stability, thermal evolution and other processes
uch as accretion or phase transitions that require a detailed knowledge of out-of-equilibrium properties of the matter
omprising the star. Transport properties describe how conserved quantities, such as energy, momentum or different
harges are transferred from one region to another when the system is not in equilibrium. If the system is close to local
hermal equilibrium and spatial gradients are not too large, then the transport properties and the evolution of the star
hould be well described by hydrodynamics.
Transport coefficients can be defined via the response of conserved currents to an external source. Electric fields Ei,

emperature gradients ∇iT and perturbations of the spatial metric gij = δij + hij(t) induce changes in the electric current
i, heat current Q i and stress tensor Tij according to

δJ i = σ ijEj − αij
∇jT , δQ i

= κ ij
∇jT − TαijEj

δTij = η∂thij +
1
2

(
ζ −

2
3
η

)
δij∂thk

k ,
(28)

where σ ij, αij, and κ ij are the electric, thermoelectric, and heat conductivities, respectively, and η and ζ are the shear
and bulk viscosities. In an isotropic fluid without parity and/or time reversal breaking, the conductivities are diagonal
and independent of the spatial direction, i.e. σ ij

= σδij, κ ij
= κδij, and αij

= αδij. Furthermore, in a relativistic fluid the
hydrodynamic constitutive relations imply that thermoelectric and thermal conductivities are determined by the electrical
conductivity α = (µ/T )σ and κ = (µ2/T )σ , with µ the chemical potential, so there are only three independent coefficients
23



C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972

p

c
p

5

r
w
t
a
s
A
m

d
C
p
b
s
d
e
a

c
N
i
d
n

T
a

T
α

J

η, ζ , and σ at this order in the gradient expansion. Deviations from the hydrodynamic or relativistic regimes would in
rinciple spoil this relation, so in general an independent calculation of each coefficient is necessary.
In the following, we first discuss what is known about these transport coefficients in dense matter from perturbative

alculations, then discuss their holographic determination, and finally make more concrete predictions for neutron-star
hysics.

.1. Relevant transport properties and perturbative estimates

A thorough review article on transport in neutron stars can be found in [76], where one can also locate further
eferences presenting some aspects in more detail. This is a rich and complicated topic as transport properties can vary
ildly from the thin atmosphere made of atoms to the exotic matter of the core at ultrahigh densities several times larger
han that of atomic nuclei. Each layer of the star requires in principle an appropriate and careful treatment, which may
dditionally vary with the phases of matter inside the star. Here, we will summarize results concerning quark matter at
upranuclear densities, as transport properties in holographic models have been derived mostly for this type of matter.
lthough the scenario is still hypothetical, quark matter has been argued to be likely present at the cores of at least the
ost massive neutron stars [9].
Transport properties typically depend crucially of the phase of matter. At asymptotically large densities where the

ifferences in quark masses can be neglected and perturbation theory is reliable, quark matter is expected to be in a
olor-Flavor-Locked (CFL) phase [32,324]. This is a baryon superfluid phase with a Higgsing of the color group by the
airing of quarks. At lower densities, there is a plethora of possible phases with different symmetry breaking patterns,
ut our knowledge of the phase diagram is at best an educated guess from extrapolations of phenomenological models;
ee Section 1 for more discussion. The simplest scenario is that quark matter in the inner cores of neutron stars is at
ensities large enough for deconfinement, but not for Cooper pair formation. Some amount of unpaired quark matter is
xpected in most phases, except in CFL, so the calculation of transport properties in the unpaired phase serves as a first
pproximation even if the precise phase in neutron stars has not been identified.
At the baryon densities met in neutron-star cores, interactions between the quarks are very strong, so kinetic theory

alculations based on a quasiparticle description and perturbative expansion are not expected to be particularly good.
evertheless, transport properties have been computed with this approach, so we briefly review them here, as it is
nteresting to compare them to the results from holographic models. It should be noted that some transport properties are
ominated by electroweak processes, and are not as dependent on the characteristics of the strong interaction. These are
ot extracted directly from the holographic model,9 so we restrict our discussion to those transport coefficients that are

determined by the strong interaction alone. The values for the shear viscosity η, thermal conductivity κ10 and electrical
conductivity σ (in units of e2/(h̄c)) in unpaired quark matter, at temperature T and quark chemical potential µ, read [77]

ηper ≈ 4.4× 10−3
µ4m2/3

D

α2
s T 5/3 (29)

κper ≈ 0.5
m2

D

α2
s

(30)

σper ≈ 0.01
µ2m2/3

D

αsT 5/3 . (31)

he contribution to the bulk viscosity of unpaired quark matter is considered to be negligible in a perturbative
pproximation, as the quark masses are much smaller than the typical energy of quarks at the Fermi surface [325].
At small but non-negligible temperatures, the one-loop Debye mass for Nf quark flavors and Nc colors is [89]

m2
D
= 2

α2
s

π

(
Nf µ

2
+ (2Nc + Nf)

π2

3
T 2
)
. (32)

here is some dependence on the renormalization scheme that enters through the calculation of the strong coupling
s = g2

QCD
/(4π ). The two-loop formula reads [326]

α−1s =
11CA − 4TF

6π3 log
mren

ΛpQCD

+
CA(17CA − 10TF )− 6CFTF

2π3(11CA − 4TF )
log

(
2 log

mren

ΛpQCD

)
,

(33)

9 The holographic model could provide values for the QCD-dependent quantities that enter the electroweak calculations, but this requires a more
refined study with different quark masses that what has been done so far; see Section 7 for further discussion on this point.
10 The thermal conductivity enters the heat current in the same way as the heat conductivity, but it is evaluated at a vanishing electric current
i
= 0.
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where

CA = Nc , CF =
N2
c − 1
2Nc

, TF =
Nf

2
. (34)

ollowing common conventions [2,23,327] the renormalization scale is set to mren = x
√
(2πT )2 + (2µ)2, with x ∼ 1/2−2

dimensionless number that parametrizes the scheme dependence. The perturbative scale is fixed to ΛpQCD = 323.7 MeV
y the condition αs(mren = 2 GeV) = 0.2994 [328].11

5.2. Transport coefficients in holographic models

Transport coefficients can be computed from correlators of conserved currents through the Green–Kubo formulas.
Viscosities and thermal conductivities are obtained from correlators of the energy–momentum tensor, conductivities
from correlators of electric or baryon currents, and thermoelectric conductivities from mixed correlators. All these can be
extracted from the gravity dual by considering small (classical) perturbations of the metric and gauge fields around a black
brane geometry [329]. Compared to the kinetic and perturbation theory (quantum) derivation, the holographic calculation
is consequently extremely simple. Furthermore, in many cases the value of DC transport coefficients is determined by the
horizon geometry of an unperturbed classical black brane solution, i.e. by thermodynamic quantities. This can be seen as
a realization of the membrane paradigm first proposed in the 1980s [330] as a way to understand black holes in GR by
means of a fictional thin surface hovering just above the horizon. The fictitious membrane is described by a viscous fluid,
and provides a natural framework to determine the low energy dynamics of the strongly coupled field theories described
within the holographic correspondence [331]. This type of approach to transport in gravity duals has led to a powerful
framework dubbed the fluid/gravity correspondence [332], which derives hydrodynamic equations from the gravity dual
in systems which are close to thermal equilibrium. These ideas have been extensively extended to determine formulae
for transport coefficients in terms of the near-horizon part of the solution to the equations of motion [333–337], thus
avoiding the need to calculate fluctuations in very generic models.

A paradigmatic example of the above is the Kovtun–Son–Starinets (KSS) relation [41] between the shear viscosity and
entropy density s, reading

η

s
=

1
4π

(35)

n natural units. The KSS relation indicates that strongly coupled systems with a gravitational dual favor diffusion of
nergy via thermal processes rather than mechanical ones. To date, strongly coupled plasmas with holographic duals are
he most efficient systems known with this property. The KSS relation has been proven to hold in isotropic backgrounds
or any gravity dual consisting of Einstein gravity coupled to matter [333]. Anisotropies and deviations from the strong
oupling limit in the form of higher curvature corrections in the gravity dual may modify this relation [338–340]. For a
eview on the shear viscosity to entropy density ratio in holography, see [341].

Another example of a transport coefficient that can be determined by evaluating the background at the horizon
orresponds to the formula for the bulk viscosity, ζ , given in [334,342].12 In contrast to the shear viscosity formula, it does
not have a simple expression in terms of quantities defined on the field theory side, but it is determined by the value of
the gravity fields at the horizon. Quite generically, the breaking of conformal invariance necessary to have a non-vanishing
bulk viscosity is produced through relevant couplings to scalar operators. In the gravity dual this is realized by non-trivial
profiles for a set of scalar fields φi that take values φH

i at the horizon. These values depend on the entropy and charge
densities s, ρa, in such a way that the bulk viscosity is given by

ζ

η
=

∑
i

(
s
∂φH

i

∂s
+ ρa ∂φ

H
i

∂ρa

)2

. (36)

his formula can be generalized to other sources of breaking of conformal invariance, like vector operators inducing
ifshitz scaling [342]. Among the assumptions going into this formula one is that there are no charges outside the black
rane horizon in the gravity dual, so in principle it does not apply to states with spontaneous symmetry breaking described
y holographic superconductors [345,346]. Deviations from strong coupling in the form of higher curvature corrections
o the gravity dual affect to the value of both the shear and bulk viscosity [347], so they may also modify the formula
bove.
Conductivities associated to currents of global symmetries in the field theory can also be extracted from the gravity

olutions at the horizon, even for inhomogeneous solutions [335,337,348,349]. In a translationally invariant fluid an
pplied electric field or a forced temperature gradient will accelerate the charges and neutral components of the fluid
n such a way that the electric and heat currents will grow with time. This implies that the DC conductivities are formally

11 If we take αs rather than α−1s expanded to second order, the value is ΛpQCD = 377.9 MeV.
12 A caveat exists about whether the horizon formula coincides in all cases with the one obtained through Kubo formulas [343], but so far there
re no known counterexamples [344].
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infinite, while the AC conductivity has a pole at zero frequency with a coefficient proportional to the charge and/or entropy
density of the fluid. In a completely neutral fluid, the electric and thermoelectric DC conductivities remain finite and are
determined by the coefficient σ in the constitutive relations for a relativistic fluid. This finite contribution has been dubbed
‘‘incoherent’’ DC conductivity [350,351]. There is an incoherent contribution to all the conductivities, and it is present in
both charged and neutral fluids.

For a fluid in equilibrium or in a steady state, the forces acting on it have to be compensated in such a way that the
net acceleration of its components vanishes. In this case the conductivity consists solely of the incoherent contribution,
which produces transport through purely diffusive processes. Denoting the temperature gradient as ζi = −∇iT/T the
o-force condition on a relativistic isotropic fluid reads

ρEi + Tsζi = 0 . (37)

ince the electric and thermal gradients are not independent, it would be redundant to discuss thermoelectric conduc-
ivities. The electric and heat currents are proportional to the electric field and temperature gradient

J i = σ ijEj , Q i
= κ ijζj , (38)

ith electric and heat conductivities that in an isotropic relativistic fluid take the forms

σ ij
=

Ts
ε + p

σδij, κ ij
=
µs
ρ
σ ij . (39)

The values of the electric and heat currents can be read off from fluxes that remain constant along the holographic
radial direction. Assuming the electric field and temperature gradient both point along the x direction, the fluxes associated
o each current are

J =
√
−gZF rx , Q = 2

√
−gGrx , (40)

here FMN are the components of the field strength of the gauge field AM dual to the current and GMN ∼ ∇MkN are the
components of a two-form constructed from the Killing vector generating time translations, k = ∂t [337,348]. The explicit
forms of the coefficient Z and the two-form G depend on the action of fields in the gravity dual. In order to extract the
conductivities, one introduces a perturbation of the gauge field and metric,

δgtx ∼ ζx t , δAx ∼ − (Ex − At ζx) t , (41)

and evaluates the fluxes J and Q at the horizon. The conductivities can be read from the coefficients of Ex and ζx in the
esulting expression for the fluxes. Unfortunately, it seems that no simple expressions exist for them.

In addition to this general method, when the action for the gauge fields is of the DBI type (involving a square root),
here is a method for probe flavor branes developed in [352]. In this method, the value of the conductivity is determined
y demanding that the action remains real when an electric field is introduced at a fixed value of charge. In this case, the
ields are not evaluated at the black brane horizon, but at an effective horizon that appears in the induced metric of the
rane when the electric field is turned on.

.3. Applications of holographic transport results to compact stars

The holographic study of the transport properties of quark matter in neutron stars was initiated in [134,135] for
he D3-D7 and V-QCD models. Numerical results comparing the perturbative and holographic values to each other are
hown in Fig. 15 for the conductivities and in Fig. 16 for the viscosities. They display remarkably different behaviors, even
ualitatively speaking. An analytic understanding of this difference can be grasped from the low-temperature scaling of
ransport coefficients. As the temperature decreases, the perturbative Debye mass of Eq. (32) saturates at a value fixed
y the chemical potential mD ∼ µ. From the expressions obtained for the perturbative transport coefficients (42), both
he shear viscosity and conductivity increase at even lower temperatures as an inverse power of T , while the thermal
onductivity approaches a constant,

ηper ∼ T−5/3 , σper ∼ T−5/3 , κper ∼ T 0 . (42)

n the perturbative calculation, quarks are responsible for the transport of momentum and charge. As the temperature
ecreases, the mean free path increases, explaining qualitatively why the shear viscosity and conductivity are expected to
row. On the other hand, there will be less thermal energy available to transfer. In the free fermion gas picture, a constant
hermal conductivity would be obtained for a relaxation time τ ∼ 1/T .

The temperature dependence of the transport coefficients in pQCD is in contrast with the low-temperature behavior of
he shear viscosity in holographic models. At very low temperatures, the shear viscosity reaches a fixed value determined
y the chemical potential

η ∼ η ∼ T 0 . (43)
D3D7 VQCD
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Fig. 15. The electric (left) and heat (right) conductivities as functions of temperature. The light green shaded areas correspond to the perturbative
estimates, with the bands signifying uncertainties in the choice of the perturbative renormalization scale. The dark green lines correspond to the
D3-D7 model for different values of the constituent quark masses indicated in MeV, and the reddish lines to the V-QCD model for different fits to
lattice data, explained in [134,135]. The dashed lines correspond to a quark chemical potential µ = 450 MeV and the solid ones to µ = 600 MeV.

Fig. 16. The shear (left) and bulk (right) viscosities as functions of temperature. The plots follow the same conventions as those seen in Fig. 15. In
he bulk viscosity plot the perturbative result is absent because it has been estimated to be negligible at large baryon density.

or the D3-D7 model, it is furthermore possible to find an analytic expression for the leading contribution at low
emperatures,

ηD3D7 =
Nf Nc

8πγ 3
√
λYM

µ(µ2
−m2) , (44)

here m is the constituent mass of the quarks and µ the quark chemical potential. In both of the holographic models
onsidered here this is directly related to having nonzero entropy density even in the zero-temperature limit.
Although quite general, the above behavior is not universal in all holographic models. From the gravity dual perspective,

he zero-temperature state in the V-QCD model is an extremal black brane. Depending on the field content in the
ravitational theory, the true zero-temperature state could be a geometry without a horizon, in which case the entropy
ould vanish. In this case, the shear viscosity is expected to decrease with the temperature, a behavior that would
eviate even further from the perturbative result. The situation is slightly different in the D3-D7 model. In this case,
he charge density on the brane can be understood as originating from strings extended between the D7-brane and the
orizon [136,137]. The density of strings will depend on the chemical potential as ∼ µ3, while the energy of each string
rings a contribution proportional to the thermal correction to the quark mass, ∆m ∼ −T [353]. Overall, this produces
contribution to the free energy linear in the temperature that results in a finite entropy density. The finite value of

he T = 0 shear viscosity is thus not expected to be a universal feature of holographic models based on probe branes.
enerically the temperature dependence will depend on the thermal correction to the quark mass computed through
string in the holographic dual, a quantity that can vary for different background geometries. However, the thermal
orrection to the quark mass should be decreasing with the temperature, so if the shear viscosity follows a power-law
ependence, η ∼ Tα , we can set a bound α > −1, which is above the value seen in the perturbative result of Eq. (42).
Turning now to conductivities, in contrast to the shear viscosity we see quite different behaviors depending on the

odel. In the D3-D7 model, conductivities increase as the temperature is lowered according to

σ xx
∼ T−1 , κxx

∼ T−1 , (45)

D3D7 D3D7
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with the precise analytic forms at leading order reading

σ xx
D3D7
=

Nf Nc

π γ 3λYM

(µ2
−m2)
T

, κxx
D3D7
=

Nf Nc

2π γ 3
√
λYM

µ (µ2
−m2)
T

. (46)

n the contrary, in the V-QCD model the conductivities decrease with the temperature according to

σ xx
VQCD
∼ T , κxx

VQCD
∼ T . (47)

he reason behind this difference is likely the different treatment of flavors in the two models. In the D3-D7 model,
he effect of the flavor degrees of freedom is captured in the holographic dual via the probe D7-branes. The absence
f backreaction on the geometry amounts to neglecting the effect of flavor on the glue on the field theory side. As the
emperature is lowered, the drag produced by the glue on the flavors becomes smaller, which effectively favors a larger
ean free path, although this picture is not quite precise, as in the strongly coupled theory there is no good quasiparticle
escription. In the V-QCD model, the linear dependence on temperature arises from the explicit factor in Eq. (39). The
est of the factors, including σ , remain finite and are determined by the chemical potential as the temperature vanishes.

Finally, as opposed to the naive expectation based on perturbative calculations, the bulk viscosity is smaller but not
egligible compared to the shear viscosity. Just as seen in the conductivities, it also exhibits a different behavior in the
3-D7 and V-QCD models,

ζD3−D7 ∼ T 0 , ζVQCD ∼ Tα, 1 ≤ α < 2 , (48)

ith the leading low-T contribution in the D3-D7 model being

ζD3D7 =
Nf Nc

2πγ 3
√
λYM

m2µ(µ
2
−m2)2

(3µ2 −m2)2
. (49)

he value of α in the V-QCD model depends on the details of the gravitational action. The different qualitative behavior
etween the two models might be related to the probe approximation in the D3-D7 model, but also to the different sources
f breaking of conformal invariance in each model. In the D3-D7 model, the breaking is produced by quark masses. The
ulk viscosity is found to be proportional to the quark mass and to the density of quarks. On the other hand, in the
-QCD model the quarks are massless while conformal invariance is broken by the non-trivial beta function of the gauge
oupling. Changes in the gravitational action result in changes in the running of the coupling constant with scale, and
hese are also reflected in the dependence of the bulk viscosity on the temperature.

Summarizing, the values of the transport coefficients in the holographic models studied so far point to a largely
ifferent qualitative behavior compared to perturbative calculations. There are some differences among the holographic
odels, stemming from different approximations. Since the V-QCD model does not rely on a quenched approximation,
nlike the D3-D7 model, and it is fitted to lattice QCD results, the values obtained for the transport coefficients are a priori
ore likely to capture the correct physical behavior of transport coefficients in real QCD.

. Binary mergers of compact objects

The first indirect evidence for the existence of GWs came from an observed decrease in the orbital period of the
ulse–Taylor binary pulsar, just as predicted by general relativity [355,356]. In such a binary system, two compact stars
r black holes rotating around each other lose energy through the emission of GWs, going through an inspiral period
nd eventually colliding and merging. After the inspiral phase, the collision of two compact stars can produce either a
ew compact star or a black hole, depending on the masses of the binary components. The black hole may similarly be
ormed by prompt collapse or after an intermediate stage where a hypermassive object is formed. The main stages in the
volution of a merger of two compact objects are depicted in Fig. 17.
During the inspiral phase the GWs that are emitted typically have frequencies below 1 kHz, which are within the

ensitivity window of the present GW detectors such as LIGO, Virgo, and KAGRA (see Fig. 18). During the collision and post-
erger evolution, the frequency of GWs increases above the kHz range thus escaping the detectability range, although

t may be within the reach of the next generation of observatories, such as advanced LIGO or the Einstein Telescope. In
ddition, from the observation of the emitted electromagnetic radiation and neutrinos one may extract some information
bout the post-merger evolution; see also our discussion in Section 2.2.
A GW signal from the final stages of the inspiral period, when the amplitude is large enough to be detectable by

odern GW observatories on Earth, was first observed in 2015 by the LIGO collaboration and corresponded to the merger
f two black holes [358]. The observation of the first neutron-star merger was subsequently made in 2017 by the LIGO
nd Virgo collaborations [71], accompanied by a strong transient electromagnetic signal [74], discussed in some length
bove in Section 2.2. Numerous binary merger observations have been made since then, with a particularly interesting

eutron-star merger observed in 2019 [359].
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Fig. 17. Possible stages and characteristic times in the evolution of a binary merger. After a long period of time, the amplitude and frequency of
he GWs strongly increase in the final moments of the inspiral phase. After the merger, if the masses are large enough, there may be a prompt
ollapse to a black hole surrounded by an accretion disk, as shown in the upper row of the plot. For smaller masses there may be an intermediate
ypermassive star that, held together by differential rotation, that eventually collapses to a black hole as in the middle row. Finally, for even smaller
asses, the remnant may be a supramassive star supported by uniform rotation, that after a longer period of time either collapses to a black hole
r produces a stable compact star (bottom row).
ource: The plot was taken from [354].

Fig. 18. GW detector sensitivities as given by the strain amplitude as a function of frequency for LIGO and advanced LIGO (blue), Virgo and advanced
Virgo (red), KAGRA (black) and the Einstein Telescope (green). The pink shadow corresponds to the expected signal from the inspiral phase of binary
mergers. Image made with http://gwplotter.com/, based on [357].

6.1. Tidal deformability

The GW signal produced during the inspiral is naturally affected by the properties of the components forming the
inary (see e.g. [354,360,361] for reviews on the topic). In particular, the shape of a compact star is deformed by the
idal forces produced by its companion, when the two objects come close together. This in turn modulates the GW signal,
odifying its phase and frequency. The deformation in the shape of a star depends on the material properties of the
atter inside it, so the GW signal provides indirect information about the properties of the EoS of matter in the interior
f the star. The main quantity that can be extracted from the signal (besides the masses of the binary components) is the
imensionless tidal deformability

Λ =
2

k2 , C =
GM

. (50)

3C5 c2R
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where M and R denote the mass and radius of the star, C stands for its compactness, and k2 its quadrupole Love number.
To be more precise, the GW phase is determined by the combined tidal deformability

Λ̃ =
16
13

(M1 + 12M2)M4
1Λ1 + (M2 + 12M1)M4

2xΛ2

(M1 +M2)5
, (51)

here the subindex refers to each component of the binary system. In the simplified scenario of approximately identical
tars M = M1 ≈ M2 and Λ = Λ1 ≈ Λ2, the combined tidal deformability coincides with the individual tidal deformability
f each star, Λ̃ = Λ.
On the other hand, black holes have zero tidal deformability [362–364].13 Then, in a merger of a black hole and a

eutron star, assuming that the black hole mass is larger than that of the neutron star, MBH > MNS , the combined tidal
deformability is suppressed as

Λ̃ ∼

(
MNS

MBH

)4

Λ2 . (52)

his makes the quantity hard to measure from the GW signal, and indeed no significant constraints have been found
rom such asymmetric mergers [366]. As discussed already in Section 2.2, the constraints on the combined tidal
eformability obtained from the two best neutron-star merger recordings are bounded by the 90% credible intervals/upper
imits [104,105,366]

Λ̃ Low-spin prior High-spin prior
GW170817 ≲ 720 ≲ 630
GW190425 ≲ 600 ≲ 1100

Here, the low and high spin refer to the rotation of the stars. All the stars involved in these mergers have masses not too
far from the typical value for pulsars, M = 1.4M⊙. One can estimate the tidal deformability of a typical neutron star as
70 ≲ Λ1.4 ≲ 580 (low-spin) or Λ1.4 ≲ 1400 (high-spin). Lower bounds on the tidal deformability have been estimated to
be of the order Λ̃ ≳ 70− 200 [104,105,360,366,367]. A comparison of the tidal deformability derived from observations
with the prediction from neutron-star modeling allows to impose further constraints on the EoS. As discussed in 2.3, a
general study for piecewise-defined EoSs was performed in [54], subsequently leading to indications for the existence of
a quark-matter core in heavy neutron stars [9].

Starting with [287], there have been several works determining tidal deformabilities for stars built with a holographic
component in the EoS with interesting results [198,219,268,278,317]. Purely holographic EoSs based on the WSS
model do not lead to compact stars compatible with both the tidal deformability constraints and other astrophysical
observations [317]. The situation is better for hybrid EoSs, which are determined by some nuclear effective theory at low
densities and by holographic models only at higher densities. As discussed in Section 4, the phase transition to quark
matter in holographic models is typically strongly first order, preventing the formation of stable stars with deconfined
matter in their cores; this has been seen in both the D3-D7 [287] and V-QCD models [198]. The D3-D7 hybrid EoS allows
for very exotic stars with quark matter at the surface or close to it [287], which turn out to be compatible with constraints
from tidal deformability and mass measurements. The holographic EoS becomes more relevant in phenomenological
deformations of the D3-D7 model that stiffen the quark-matter EoS [139]. In the deformed D3-D7 model, the hybrid
EoS allows quark-matter cores compatible with the tidal deformability and other astrophysical bounds [219]. Similarly,
the hybrid EoS of the V-QCD model can be improved allowing the holographic model to describe the high density hadronic
phase of matter close to the core. In this case, there are compact stars compatible with both the tidal deformability bounds
and other astrophysical observations [268,278].

6.2. Merger simulations

Determining the precise evolution of a binary merger process and the emitted GW spectrum is a complicated problem
in numerical relativity. As discussed before, the main observable of relevance during the inspiral phase of a neutron-star
merger is the tidal deformability. In the post-merger evolution, numerical simulations show that, if there is no prompt
collapse to a black hole, the GW spectrum is peaked around three characteristic frequencies in the few kHz range, f1, f2,
f3, with f1 < f2 ≈ (f1 + f3)/2 < f3. A possible mechanism producing the peak frequencies f1 and f3 is through changes in
he moment of inertia of the star due to the radial oscillation of the core, in which case f2 would be related to the speed
f rotation after the oscillation has been damped by dissipative effects [368].
In the simulations of mergers, the energy–momentum tensor of matter is taken to be that of a fluid, with an EoS that

nitially is that of a cold quiescent star pc(ρ), with pc the pressure and ρ the mass density. Heating produced during
he collision is typically modeled by adding a thermal component to the pressure and the energy density according to
= pc + pth, ε = εc + εth where

pth = Γthρ(ε − εc) , εth = ε − εc . (53)

13 There has been some discussion concerning this result, but the conclusion is that it holds for non-dissipative tidal forces in four dimensions,
see e.g. [365] and references therein.
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Fig. 19. Left: The GW spectrum obtained from numerical simulations with a hybrid holographic EoS, for three masses representative of the three
possible evolutions of the merger. Note the absence of peaks for the largest mass, for which there is prompt collapse to a black hole. The gray
lines show the sensitivities of advanced LIGO and the Einstein Telescope (plot from [297]). Right: The estimated f2 frequency in equal-mass binaries
btained for hybrid holographic EoSs using universal relations [371] (see also [268,372]); figure taken from [269]. The dashed band covers the full
et of hybrid EoSs, while the solid bands correspond to EoSs allowed by constraints from astrophysical observations, and the blue and black bands
nclude constraints on the star radius from different analyses of NICER data [97] (blue) and [98] (black). The cut indicates the values, for which one
inds prompt collapse to a black hole.

ere, Γth ≈ 1.5−2 is the so-called thermal index that is usually taken to stay constant for all densities, following an ideal
as approximation. From numerical simulations, the GW signal can be extracted from the Newman–Penrose or Weyl
calar ψ4 [369], proportional to some components of the Weyl tensor [370]. At the linearized level around flat space,
µν = ηµν + hµν , the Newman-Penrose scalar encodes the amplitude of plus (h+) and cross (h×) polarizations of GWs in
he transverse traceless gauge

ψ4 = ∂
2
t (h+ − ih×) . (54)

The GW signal produced by the hybrid holographic EoSs of the V-QCD model was studied in [297] using a thermal
ndex Γt = 1.75 (see also [58] for a review with additional plots). Considering equal mass stars, the three possible types of
volution depicted in Fig. 17 were observed for a range of masses between 1.3M⊙−1.5M⊙, with the lower masses leading
o an apparently stable remnant, higher masses to prompt black-hole collapse, and intermediate masses M ∼ 1.4M⊙ first
to a hypermassive remnant that after a few milliseconds collapses to a black hole.

In the merger simulations of [297], the transition to quark matter as described by the holographic models was seen to
lead to an immediate collapse to a black hole, since the holographic EoS for quark matter is much softer than the hadronic
ones. As a consequence, no measurable amount of quark matter was produced. Interestingly, it turns out that the phase
transition to quark matter during a merger might be detectable by comparing the tidal deformability before coalescence
with the peak frequency after it [373]. The peak frequencies for the hybrid EoSs were observed to be somewhat smaller
than those of models without a holographic component,14 but still in the few kHz range. As seen in Fig. 19, the peaks at
the f1 and f2 frequencies for the hybrid EoSs have been shown to be observable with advanced LIGO and Einstein Telescope
sensitivities at distances up to 40 Mpc from the merger.

7. Open questions and future directions

Quantum Chromodynamics poses a formidable challenge in the limit of high baryon densities and small or moderate
temperatures: the theory remains strongly coupled in all phenomenologically relevant settings, yet no nonperturbative
first principles methods applicable for this part of its phase diagram exist [1,3]. To remedy the current situation for the
systems of most pronounced observational activity — neutron-star cores — a number of novel approaches have been
suggested. These include, e.g., the use of phenomenological models (see, e.g., [56] and references therein), renormalization-
group-inspired techniques [374], extrapolations of nuclear theory or perturbative QCD results outside their respective
regions of validity [23], or more recently, extrapolations and interpolations of physical quantities over the problematic
density regime [52,287]. In the review article at hand, we have reviewed the foundations and practical results of one such
method with a particularly solid theoretical background: the gauge/gravity duality, or holography.

As discussed at length above, in its original formulation, the duality links a very nontrivial strongly coupled large-N
gauge theory to classical supergravity in a higher-dimensional spacetime, whereby very difficult field theory problems
become mapped to (typically) tractable General Relativity calculations [4,5]. Deformations of the original duality, featuring
broken supersymmetry and conformal invariance [120,124], have been introduced together with so-called bottom-up
models, which are somewhat less rigorous but allow the description of quantum field theories closer to QCD [38,39].

14 The value of f was estimated previously in [268], updated with recent NICER constraints in [269] using universal relations from [371].
2
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Together, these approaches have solved a number of difficult open problems in particular in heavy-ion physics [36], so
it is only natural to ask whether they are applicable for the description of the high-density QCD matter found inside
neutron-star cores.

The past ca. 5 years have witnessed increased activity in the study of holographic models describing strongly interacting
undamental-representation matter at high density, and in the subsequent application of the results to neutron-star
hysics. While the earliest such works concentrated on deformations of the original AdS/CFT conjecture by studying
he unbackreacted D3-D7 model [270,306], the results have recently been generalized to both top-down (e.g. the Sakai–
ugimoto) [162] and bottom-up (e.g. V-QCD) models [198]. Similarly, while early activity concentrated almost solely on
he EoS of quark matter, holographic calculations have recently addressed also the properties of strongly coupled nuclear
atter [268,278] as well as transport in a dense and cold medium [134,323]. Important challenges remain, however, and

n this final section of our review, we want to discuss a number of directions, where we believe significant progress can
e made in future years. The topics concern both technical improvements in previous calculations and novel physical
henomena that are yet to be addressed with holographic methods. As both past successes in other fields of physics
nd many of these examples highlight, the most important virtue of holography is that it allows addressing complicated
hysics questions that would be extremely challenging or downright intractable with traditional field theory tools.

onzero temperatures and magnetic fields. After a short cooling period, the temperature of a neutron star becomes small
nough so that a barotropic approximation to the EoS becomes valid, i.e. the temperature can be altogether neglected [13].
he situation is, however, completely different in supernova explosions and neutron-star mergers, where it is imperative
o account for the spatially and temporally varying temperatures [354]. There are a few available nuclear matter EoSs
hat include T -dependence (see [375] for a recent review), but most merger simulations currently use an approximation,
here the so-called thermal index

Γth(T , nB) = 1+
p(T , nB)− p(0, nB)
ϵ(T , nB)− ϵ(0, nB)

(55)

s assumed to remain constant at all densities. Given that the properties of the GW signal of the merger are expected to
e sensitive to the specific T -dependence of the EoS, and that many EoSs based on microscopic calculations do not agree
ith the constant-thermal-index approximation (see e.g. [376] and references therein), it is clear that all holographic EoSs
hould be generalized to nonzero T . In the deconfined phase of the theory, it is typically straightforward to incorporate
-dependence by considering a black-hole geometry, which has indeed been done, e.g., in [199]. In the confined phase,
ccounting for a nonzero temperature however requires going beyond the large-N approximation, which has not been

systematically implemented so far.
Another important generalization of current holographic calculations has to do with magnetic fields, which can also

play an important role in the properties of individual neutron stars and their mergers. The strength of the magnetic fields
generated in magnetars can reach values as high as 1010–1012 T (see [377] for a review), which are the strongest found
in nature except for the transient fields produced in heavy-ion collisions [378]. Adding an external magnetic field in a
holographic model is typically a relatively simple task, as this only requires turning on some of the spatial components
of the gauge field dual to the baryon current e.g. [379–390]. A generalization of holographic EoSs of dense matter to
including magnetic fields should thus be relatively straightforward, but this has not been explored so far.

Differing quark masses. So far, all holographic calculations aimed at describing nuclear or quark matter have made the
same simplifying assumption: all dynamical quarks share the same mass. Recalling that the strange quark mass is neither
negligibly small nor very large at the densities realized in neutron-star cores, the validity of this approximation can,
however, clearly be questioned. A particularly striking example of a calculation where differing quark masses would play
an important role is the determination of the bulk viscosity, the main contribution to which is expected to arise from
chemical re-equilibration through electroweak processes (see, e.g., [162] for recent discussion of the beta equilibration in
the holographic context), such as

u+ d←→ u+ s (56)

for quark matter composed of the three flavors u, d, and s.
For a perturbation that changes the local baryon density with a characteristic frequency ω (related to the rotation

frequency of the star), the effective bulk viscosity of three-flavor quark matter can be shown to take the approximate
value [76,391]

ζ ≈
Γ1B2

Γ 2
1 C2 + ω2

. (57)

ere, Γ1 is the production rate of d quarks for a small chemical imbalance between d and s quarks, δµd − δµs, and the
wo other constants are defined as B = ndχ

−1
d − nsχ

−1
s and C = χ−1d + χ

−1
s , with χ−1d,s =

∂µd,s
∂nd,s

standing for inverse
susceptibilities. From the form of this result, it becomes clear that any setup that treats the d and s quarks in an identical
manner is bound to miss this leading contribution to the bulk viscosity.

It turns out that the above bulk viscosity is maximized for Γ 2
1 C

2
∼ ω2. Such a large viscosity dampens fluctuations

that would otherwise spin down a rotating star, producing a ‘‘stability window’’ that allows pulsars to rotate with a
32
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millisecond period [392]. Even though the physics related to this enhancement of the bulk viscosity is of electroweak
origin, the susceptibilities depend on QCD dynamics, in particular on the EoS. To this end, a determination of the high-
density EoS in the limit of differing quark masses is imperative for a reliable computation of the bulk viscosity, and it is
important to generalize existing holographic models in this direction.

EoS for an anisotropic system. Most existing studies of neutron-star matter — both holographic and others — make the
implifying assumption that matter in neutron-star cores is isotropic, i.e. the pressure is the same in the radial and angular
irections. Anisotropic EoSs are, however, not ruled out by observations, and furthermore produce stars with interesting
ifferences relative to those built with isotropic EoS. In particular, anisotropic EoSs can evade Buchdahl’s bound [393] and
each compactnesses arbitrarily close to that of black holes. Studying the properties of compact stars in the black-hole
imit has in fact already led to interesting insights [394–396].

Strongly coupled anisotropic phases have been studied via holography in a variety of setups, including axionic/dilatonic
ources [397–412], electric [352,413,414] and magnetic fields [379–387,389,415–417] or both [178,179,418–424], and in
-wave superfluids [425–430]. Recently, smeared brane configurations in holographic models have also been used to
iscover phases with spontaneous anisotropy at zero density and temperature [431].
When solving Einstein’s equations, the regularity of solutions requires that the EoS becomes isotropic at the center of

he star. This implies that the anisotropy corresponds to a spontaneous breaking of rotational invariance as opposed to
n explicit one. In most holographic models, with the exception of smeared brane configurations and p-wave superfluids,
his would require turning off an external source, such as electromagnetic fields, as one proceeds towards the center
f the star. For a realistic application to compact stars, it would thus be interesting to generalize the smeared brane
onfigurations to nonzero density and temperature and to derive the corresponding EoSs.

uark pairing. As discussed before, at asymptotically large densities, where QCD becomes perturbative and quark masses
egligible, the ground state of three-flavor QCD is that of color-flavor-locked, or CFL, color-superconducting quark
atter [432–434]. For the densities reached in the cores of physical neutron stars, the ground state is unknown, as it

s unknown whether deconfined matter exists even inside the most massive stable neutron stars. In the case of quark
atter, possibilities range from phases with totally and partially Higgsed color groups to ones featuring a spontaneous
reaking of flavor symmetries, such as the 2SC [435] and the Larkin–Ovchinnikov–Fulde–Ferrell (LOFF) [436,437] phases.
lthough paired phases have been studied in holographic models [210–219,323], a systematic study of their influence on
he EoS and transport properties of matter in the cores of compact stars is still lacking.

nhomogeneous and mixed phases. A further possibility among phases potentially realized in neutron-star cores is
hat the ground state of QCD is inhomogeneous, such as in the case of the LOFF phase of paired quark matter. In
olographic models, inhomogeneous phases have been considered both for deconfined [337,349,390,438–467] and nuclear
atter [247,248,263,264], but so far they have not been used to model compact stars. In many cases, the appearance of

nhomogeneous phases has been linked to the axial anomaly, which can also produce interesting effects associated with
hiral transport [468–473].
Finally, should the deconfinement transition be of first order and the surface tension between the two phases

ufficiently small, there exists the possibility of having a mixture of nuclear and quark matter present in neutron-star
ores [80]. It is extremely challenging to determine the surface tension parameter with traditional quantum field theory
ools, but in a very recent holographic study, it was successfully computed in a strongly coupled field theory at high
emperatures [474]. A generalization of this result to the context of high-density QCD matter would clearly be very
ell-motivated.

eclaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
ppeared to influence the work reported in this paper.

cknowledgments

We would like to thank M. Järvinen, L. Rezzolla, and A. Schmitt for discussions and correspondence during the writing
f the review. C.H. has been partially supported by the Spanish Ministerio de Ciencia, Innovación y Universidades through
he grant PGC2018-096894-B-100; N.J. by the Academy of Finland Grant No. 1322307; and A.V. by the Academy of Finland
rant No. 1322507 as well as by the European Research Council, Grant No. 725369.

eferences

[1] N. Brambilla, et al., Eur. Phys. J. C74 (10) (2014) 2981, http://dx.doi.org/10.1140/epjc/s10052-014-2981-5, arXiv:1404.3723.
[2] J. Ghiglieri, A. Kurkela, M. Strickland, A. Vuorinen, Phys. Rep. 880 (2020) 1–73, http://dx.doi.org/10.1016/j.physrep.2020.07.004, arXiv:

2002.10188.
[3] P. de Forcrand, in: C. Liu, Y. Zhu (Eds.), PoS LAT2009 (2009) 010, http://dx.doi.org/10.22323/1.091.0010, arXiv:1005.0539.
[4] J.M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231–252, http://dx.doi.org/10.1023/A:1026654312961, arXiv:9711200.
33

http://dx.doi.org/10.1140/epjc/s10052-014-2981-5
http://arxiv.org/abs/1404.3723
http://dx.doi.org/10.1016/j.physrep.2020.07.004
http://arxiv.org/abs/2002.10188
http://arxiv.org/abs/2002.10188
http://arxiv.org/abs/2002.10188
http://dx.doi.org/10.22323/1.091.0010
http://arxiv.org/abs/1005.0539
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/9711200


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[5] S.S. Gubser, I.R. Klebanov, A.M. Polyakov, Phys. Lett. B428 (1998) 105–114, http://dx.doi.org/10.1016/S0370-2693(98)00377-3, arXiv:hep-
th/9802109.

[6] E. Shuryak, Rev. Modern Phys. 89 (2017) 035001, http://dx.doi.org/10.1103/RevModPhys.89.035001, arXiv:1412.8393.
[7] E.V. Shuryak, Phys. Rep. 61 (1980) 71–158, http://dx.doi.org/10.1016/0370-1573(80)90105-2.
[8] K. Rajagopal, F. Wilczek, in: M. Shifman, B. Ioffe (Eds.), At the Frontier of Particle Physics. Handbook of QCD, Vol. 1-3, 2000, pp. 2061–2151,

http://dx.doi.org/10.1142/9789812810458_0043, arXiv:hep-ph/0011333.
[9] E. Annala, T. Gorda, A. Kurkela, J. Nättilä, A. Vuorinen, Nat. Phys. 16 (9) (2020) 907–910, http://dx.doi.org/10.1038/s41567-020-0914-9,

arXiv:1903.09121.
[10] F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193–288, http://dx.doi.org/10.1016/j.ppnp.2004.07.001, arXiv:astro-ph/0407155.
[11] D.E. Alvarez-Castillo, D.B. Blaschke, A.G. Grunfeld, V.P. Pagura, Phys. Rev. D 99 (6) (2019) 063010, http://dx.doi.org/10.1103/PhysRevD.99.063010,

arXiv:1805.04105.
[12] E. Annala, T. Gorda, E. Katerini, A. Kurkela, J. Nättilä, V. Paschalidis, A. Vuorinen, Phys. Rev. X 12 (1) (2022) 011058, http://dx.doi.org/10.1103/

PhysRevX.12.011058, arXiv:2105.05132.
[13] N.K. Glendenning, Compact Stars: Nuclear Physics, Particle Physics, and General Relativity, Springer-Verlag, New York, 1997, p. 90.
[14] J.M. Lattimer, M. Prakash, Science 304 (2004) 536–542, http://dx.doi.org/10.1126/science.1090720, arXiv:astro-ph/0405262.
[15] P. Senger, CBM Collaboration, Particles 3 (2) (2020) 320–335, http://dx.doi.org/10.3390/particles3020024, arXiv:2004.11214.
[16] E. Epelbaum, H.-W. Hammer, U.-G. Meißner, Rev. Modern Phys. 81 (4) (2009) 1773–1825, http://dx.doi.org/10.1103/RevModPhys.81.1773,

arXiv:0811.1338.
[17] R. Machleidt, D.R. Entem, Phys. Rep. 503 (1) (2011) 1–75, http://dx.doi.org/10.1016/j.physrep.2011.02.001, arXiv:1105.2919.
[18] K. Hebeler, A. Schwenk, Phys. Rev. C 82 (1) (2010) 014314, http://dx.doi.org/10.1103/PhysRevC.82.014314, arXiv:0911.0483.
[19] K. Hebeler, S.K. Bogner, R.J. Furnstahl, A. Nogga, A. Schwenk, Phys. Rev. C 83 (2011) http://dx.doi.org/10.1103/PhysRevC.83.031301, 031301(R),

arXiv:1012.3381.
[20] I. Tews, T. Kruger, K. Hebeler, A. Schwenk, Phys. Rev. Lett. 110 (3) (2013) 032504, http://dx.doi.org/10.1103/PhysRevLett.110.032504, arXiv:

1206.0025.
[21] J.W. Holt, N. Kaiser, Phys. Rev. C 95 (3) (2017) 034326, http://dx.doi.org/10.1103/PhysRevC.95.034326, arXiv:1612.04309.
[22] C. Drischler, J.A. Melendez, R.J. Furnstahl, D.R. Phillips, Phys. Rev. C 102 (5) (2020) 054315, http://dx.doi.org/10.1103/PhysRevC.102.054315,

arXiv:2004.07805.
[23] A. Kurkela, P. Romatschke, A. Vuorinen, Phys. Rev. D81 (2010) 105021, http://dx.doi.org/10.1103/PhysRevD.81.105021, arXiv:0912.1856.
[24] T. Gorda, A. Kurkela, P. Romatschke, S. Säppi, A. Vuorinen, Phys. Rev. Lett. 121 (20) (2018) 202701, http://dx.doi.org/10.1103/PhysRevLett.121.

202701, arXiv:1807.04120.
[25] T. Gorda, A. Kurkela, R. Paatelainen, S. Säppi, A. Vuorinen, Phys. Rev. D 104 (7) (2021) 074015, http://dx.doi.org/10.1103/PhysRevD.104.074015,

arXiv:2103.07427.
[26] T. Gorda, A. Kurkela, R. Paatelainen, S. Säppi, A. Vuorinen, Phys. Rev. Lett. 127 (16) (2021) 162003, http://dx.doi.org/10.1103/PhysRevLett.127.

162003, arXiv:2103.05658.
[27] O. Komoltsev, A. Kurkela, How perturbative QCD constrains the equation of state at neutron-star densities, 2021, arXiv:2111.05350.
[28] QCD phase diagram, 2021, https://physics.aps.org/articles/v3/44. (Accessed 15 November 2021).
[29] A. Cherman, S. Sen, M. Unsal, M.L. Wagman, L.G. Yaffe, Phys. Rev. Lett. 119 (22) (2017) 222001, http://dx.doi.org/10.1103/PhysRevLett.119.

222001, arXiv:1706.05385.
[30] A. Cherman, S. Sen, L.G. Yaffe, Phys. Rev. D 100 (3) (2019) 034015, http://dx.doi.org/10.1103/PhysRevD.100.034015, arXiv:1808.04827.
[31] A. Cherman, T. Jacobson, S. Sen, L.G. Yaffe, Phys. Rev. D 102 (10) (2020) 105021, http://dx.doi.org/10.1103/PhysRevD.102.105021, arXiv:

2007.08539.
[32] M.G. Alford, K. Rajagopal, F. Wilczek, Nuclear Phys. B537 (1999) 443–458, http://dx.doi.org/10.1016/S0550-3213(98)00668-3, arXiv:hep-

ph/9804403.
[33] D.T. Son, Phys. Rev. D 59 (1999) 094019, http://dx.doi.org/10.1103/PhysRevD.59.094019, arXiv:hep-ph/9812287.
[34] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri, Y. Oz, Phys. Rep. 323 (2000) 183–386, http://dx.doi.org/10.1016/S0370-1573(99)00083-6,

arXiv:hep-th/9905111.
[35] S. Sachdev, Lecture Notes in Phys. 828 (2011) 273–311, http://dx.doi.org/10.1007/978-3-642-04864-7_9, arXiv:1002.2947.
[36] J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, U.A. Wiedemann, Gauge/String Duality, Hot QCD and Heavy Ion Collisions, Cambridge

University Press, 2014, http://dx.doi.org/10.1017/CBO9781139136747, arXiv:1101.0618.
[37] J. Erlich, E. Katz, D.T. Son, M.A. Stephanov, Phys. Rev. Lett. 95 (2005) 261602, http://dx.doi.org/10.1103/PhysRevLett.95.261602, arXiv:hep-

ph/0501128.
[38] U. Gürsoy, E. Kiritsis, J. High Energy Phys. 02 (2008) 032, http://dx.doi.org/10.1088/1126-6708/2008/02/032, arXiv:0707.1324.
[39] U. Gürsoy, E. Kiritsis, F. Nitti, J. High Energy Phys. 02 (2008) 019, http://dx.doi.org/10.1088/1126-6708/2008/02/019, arXiv:0707.1349.
[40] G. Policastro, D.T. Son, A.O. Starinets, Phys. Rev. Lett. 87 (2001) 081601, http://dx.doi.org/10.1103/PhysRevLett.87.081601, arXiv:hep-th/0104066.
[41] P. Kovtun, D.T. Son, A.O. Starinets, Phys. Rev. Lett. 94 (2005) 111601, http://dx.doi.org/10.1103/PhysRevLett.94.111601, arXiv:hep-th/0405231.
[42] P. Romatschke, U. Romatschke, Phys. Rev. Lett. 99 (2007) 172301, http://dx.doi.org/10.1103/PhysRevLett.99.172301, arXiv:0706.1522.
[43] H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, Phys. Rev. Lett. 106 (2011) 192301, http://dx.doi.org/10.1103/PhysRevLett.106.192301,

arXiv:1011.2783; Phys. Rev. Lett. 109 (2012) 139904, Erratum.
[44] H. Niemi, K.J. Eskola, R. Paatelainen, Phys. Rev. C 93 (2) (2016) 024907, http://dx.doi.org/10.1103/PhysRevC.93.024907, arXiv:1505.02677.
[45] J.E. Bernhard, J.S. Moreland, S.A. Bass, Nat. Phys. 15 (11) (2019) 1113–1117, http://dx.doi.org/10.1038/s41567-019-0611-8.
[46] P.M. Chesler, L.G. Yaffe, Phys. Rev. Lett. 102 (2009) 211601, http://dx.doi.org/10.1103/PhysRevLett.102.211601, arXiv:0812.2053.
[47] M.P. Heller, D. Mateos, W. van der Schee, D. Trancanelli, Phys. Rev. Lett. 108 (2012) 191601, http://dx.doi.org/10.1103/PhysRevLett.108.191601,

arXiv:1202.0981.
[48] W. van der Schee, P. Romatschke, S. Pratt, Phys. Rev. Lett. 111 (22) (2013) 222302, http://dx.doi.org/10.1103/PhysRevLett.111.222302,

arXiv:1307.2539.
[49] M.P. Heller, A. Kurkela, M. Spaliński, V. Svensson, Phys. Rev. D 97 (9) (2018) 091503, http://dx.doi.org/10.1103/PhysRevD.97.091503, arXiv:

1609.04803.
[50] T. Schäfer, D. Teaney, Rep. Progr. Phys. 72 (2009) 126001, http://dx.doi.org/10.1088/0034-4885/72/12/126001, arXiv:0904.3107.
[51] P.M. Chesler, L.G. Yaffe, Phys. Rev. Lett. 106 (2011) 021601, http://dx.doi.org/10.1103/PhysRevLett.106.021601, arXiv:1011.3562.
[52] K. Hebeler, J.M. Lattimer, C.J. Pethick, A. Schwenk, Astrophys. J. 773 (2013) 11, http://dx.doi.org/10.1088/0004-637X/773/1/11, arXiv:1303.4662.
[53] C.D. Capano, I. Tews, S.M. Brown, B. Margalit, S. De, S. Kumar, D.A. Brown, B. Krishnan, S. Reddy, Nat. Astron. 4 (2020) 625–632,

http://dx.doi.org/10.1038/s41550-020-1014-6, arXiv:1908.10352.
[54] E. Annala, T. Gorda, A. Kurkela, A. Vuorinen, Phys. Rev. Lett. 120 (17) (2018) 172703, http://dx.doi.org/10.1103/PhysRevLett.120.172703,

arXiv:1711.02644.
34

http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://arxiv.org/abs/hep-th/9802109
http://arxiv.org/abs/hep-th/9802109
http://dx.doi.org/10.1103/RevModPhys.89.035001
http://arxiv.org/abs/1412.8393
http://dx.doi.org/10.1016/0370-1573(80)90105-2
http://dx.doi.org/10.1142/9789812810458_0043
http://arxiv.org/abs/hep-ph/0011333
http://dx.doi.org/10.1038/s41567-020-0914-9
http://arxiv.org/abs/1903.09121
http://dx.doi.org/10.1016/j.ppnp.2004.07.001
http://arxiv.org/abs/astro-ph/0407155
http://dx.doi.org/10.1103/PhysRevD.99.063010
http://arxiv.org/abs/1805.04105
http://dx.doi.org/10.1103/PhysRevX.12.011058
http://dx.doi.org/10.1103/PhysRevX.12.011058
http://dx.doi.org/10.1103/PhysRevX.12.011058
http://arxiv.org/abs/2105.05132
http://refhub.elsevier.com/S0146-6410(22)00033-3/sb13
http://dx.doi.org/10.1126/science.1090720
http://arxiv.org/abs/astro-ph/0405262
http://dx.doi.org/10.3390/particles3020024
http://arxiv.org/abs/2004.11214
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://arxiv.org/abs/0811.1338
http://dx.doi.org/10.1016/j.physrep.2011.02.001
http://arxiv.org/abs/1105.2919
http://dx.doi.org/10.1103/PhysRevC.82.014314
http://arxiv.org/abs/0911.0483
http://dx.doi.org/10.1103/PhysRevC.83.031301
http://arxiv.org/abs/1012.3381
http://dx.doi.org/10.1103/PhysRevLett.110.032504
http://arxiv.org/abs/1206.0025
http://arxiv.org/abs/1206.0025
http://arxiv.org/abs/1206.0025
http://dx.doi.org/10.1103/PhysRevC.95.034326
http://arxiv.org/abs/1612.04309
http://dx.doi.org/10.1103/PhysRevC.102.054315
http://arxiv.org/abs/2004.07805
http://dx.doi.org/10.1103/PhysRevD.81.105021
http://arxiv.org/abs/0912.1856
http://dx.doi.org/10.1103/PhysRevLett.121.202701
http://dx.doi.org/10.1103/PhysRevLett.121.202701
http://dx.doi.org/10.1103/PhysRevLett.121.202701
http://arxiv.org/abs/1807.04120
http://dx.doi.org/10.1103/PhysRevD.104.074015
http://arxiv.org/abs/2103.07427
http://dx.doi.org/10.1103/PhysRevLett.127.162003
http://dx.doi.org/10.1103/PhysRevLett.127.162003
http://dx.doi.org/10.1103/PhysRevLett.127.162003
http://arxiv.org/abs/2103.05658
http://arxiv.org/abs/2111.05350
https://physics.aps.org/articles/v3/44
http://dx.doi.org/10.1103/PhysRevLett.119.222001
http://dx.doi.org/10.1103/PhysRevLett.119.222001
http://dx.doi.org/10.1103/PhysRevLett.119.222001
http://arxiv.org/abs/1706.05385
http://dx.doi.org/10.1103/PhysRevD.100.034015
http://arxiv.org/abs/1808.04827
http://dx.doi.org/10.1103/PhysRevD.102.105021
http://arxiv.org/abs/2007.08539
http://arxiv.org/abs/2007.08539
http://arxiv.org/abs/2007.08539
http://dx.doi.org/10.1016/S0550-3213(98)00668-3
http://arxiv.org/abs/hep-ph/9804403
http://arxiv.org/abs/hep-ph/9804403
http://arxiv.org/abs/hep-ph/9804403
http://dx.doi.org/10.1103/PhysRevD.59.094019
http://arxiv.org/abs/hep-ph/9812287
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
http://dx.doi.org/10.1007/978-3-642-04864-7_9
http://arxiv.org/abs/1002.2947
http://dx.doi.org/10.1017/CBO9781139136747
http://arxiv.org/abs/1101.0618
http://dx.doi.org/10.1103/PhysRevLett.95.261602
http://arxiv.org/abs/hep-ph/0501128
http://arxiv.org/abs/hep-ph/0501128
http://arxiv.org/abs/hep-ph/0501128
http://dx.doi.org/10.1088/1126-6708/2008/02/032
http://arxiv.org/abs/0707.1324
http://dx.doi.org/10.1088/1126-6708/2008/02/019
http://arxiv.org/abs/0707.1349
http://dx.doi.org/10.1103/PhysRevLett.87.081601
http://arxiv.org/abs/hep-th/0104066
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://arxiv.org/abs/hep-th/0405231
http://dx.doi.org/10.1103/PhysRevLett.99.172301
http://arxiv.org/abs/0706.1522
http://dx.doi.org/10.1103/PhysRevLett.106.192301
http://arxiv.org/abs/1011.2783
http://dx.doi.org/10.1103/PhysRevC.93.024907
http://arxiv.org/abs/1505.02677
http://dx.doi.org/10.1038/s41567-019-0611-8
http://dx.doi.org/10.1103/PhysRevLett.102.211601
http://arxiv.org/abs/0812.2053
http://dx.doi.org/10.1103/PhysRevLett.108.191601
http://arxiv.org/abs/1202.0981
http://dx.doi.org/10.1103/PhysRevLett.111.222302
http://arxiv.org/abs/1307.2539
http://dx.doi.org/10.1103/PhysRevD.97.091503
http://arxiv.org/abs/1609.04803
http://arxiv.org/abs/1609.04803
http://arxiv.org/abs/1609.04803
http://dx.doi.org/10.1088/0034-4885/72/12/126001
http://arxiv.org/abs/0904.3107
http://dx.doi.org/10.1103/PhysRevLett.106.021601
http://arxiv.org/abs/1011.3562
http://dx.doi.org/10.1088/0004-637X/773/1/11
http://arxiv.org/abs/1303.4662
http://dx.doi.org/10.1038/s41550-020-1014-6
http://arxiv.org/abs/1908.10352
http://dx.doi.org/10.1103/PhysRevLett.120.172703
http://arxiv.org/abs/1711.02644


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[55] E.R. Most, L.R. Weih, L. Rezzolla, J. Schaffner-Bielich, Phys. Rev. Lett. 120 (26) (2018) 261103, http://dx.doi.org/10.1103/PhysRevLett.120.261103,
arXiv:1803.00549.

[56] V.A. Dexheimer, S. Schramm, Phys. Rev. C 81 (2010) 045201, http://dx.doi.org/10.1103/PhysRevC.81.045201, arXiv:0901.1748.
[57] M.A.R. Kaltenborn, N.-U.F. Bastian, D.B. Blaschke, Phys. Rev. D 96 (5) (2017) 056024, http://dx.doi.org/10.1103/PhysRevD.96.056024, arXiv:

1701.04400.
[58] M. Järvinen, Eur. Phys. J. C 82 (4) (2022) 282, http://dx.doi.org/10.1140/epjc/s10052-022-10227-x, arXiv:2110.08281.
[59] L. Barack, et al., Classical Quantum Gravity 36 (14) (2019) 143001, http://dx.doi.org/10.1088/1361-6382/ab0587, arXiv:1806.05195.
[60] E. Barausse, et al., Gen. Relativity Gravitation 52 (8) (2020) 81, http://dx.doi.org/10.1007/s10714-020-02691-1, arXiv:2001.09793.
[61] J. de Boer, K. Papadodimas, E. Verlinde, J. High Energy Phys. 10 (2010) 020, http://dx.doi.org/10.1007/JHEP10(2010)020, arXiv:0907.2695.
[62] X. Arsiwalla, J. de Boer, K. Papadodimas, E. Verlinde, J. High Energy Phys. 01 (2011) 144, http://dx.doi.org/10.1007/JHEP01(2011)144,

arXiv:1010.5784.
[63] A.V. Ramallo, Proceedings, 3rd IDPASC School: Santiago de Compostela, Spain, January 21-February 2, 2013, Vol. 161, 2015, pp. 411–474,

http://dx.doi.org/10.1007/978-3-319-12238-0_10, arXiv:1310.4319.
[64] J. Zaanen, Y.-W. Sun, Y. Liu, K. Schalm, Holographic Duality in Condensed Matter Physics, Cambridge Univ. Press, 2015.
[65] S.A. Hartnoll, A. Lucas, S. Sachdev, Holographic quantum matter, 2016, arXiv:1612.07324.
[66] W. Baade, F. Zwicky, Proc. Natl. Acad. Sci. 20 (5) (1934) 254–259, http://dx.doi.org/10.1073/pnas.20.5.254.
[67] A. Hewish, S.J. Bell, J.D.H. Pilkington, P.F. Scott, R.A. Collins, Nature 217 (1968) 709–713, http://dx.doi.org/10.1038/217709a0.
[68] J.M. Lattimer, M. Prakash, Phys. Rep. 442 (2007) 109–165, http://dx.doi.org/10.1016/j.physrep.2007.02.003, arXiv:astro-ph/0612440.
[69] R.C. Tolman, Phys. Rev. 55 (1939) 364–373, http://dx.doi.org/10.1103/PhysRev.55.364.
[70] J.R. Oppenheimer, G.M. Volkoff, Phys. Rev. 55 (1939) 374–381, http://dx.doi.org/10.1103/PhysRev.55.374.
[71] B.P. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. Lett. 119 (16) (2017) 161101, http://dx.doi.org/10.1103/PhysRevLett.119.

161101, arXiv:1710.05832.
[72] B. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. Lett. 121 (16) (2018) 161101, http://dx.doi.org/10.1103/PhysRevLett.121.161101,

arXiv:1805.11581.
[73] B. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. X 9 (1) (2019) 011001, http://dx.doi.org/10.1103/PhysRevX.9.011001, arXiv:

1805.11579.
[74] B.P. Abbott, et al., LIGO Scientific, Virgo, Fermi GBM, INTEGRAL, IceCube, AstroSat Cadmium Zinc Telluride Imager Team, IPN, Insight-

Hxmt, ANTARES, Swift, AGILE Team, 1M2H Team, Dark Energy Camera GW-EM, DES, DLT40, GRAWITA, Fermi-LAT, ATCA, ASKAP, Las
Cumbres Observatory Group, OzGrav, DWF (Deeper Wider Faster Program), AST3, CAASTRO, VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR,
CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS, MAXI Team, TZAC Consortium, KU, Nordic Optical Telescope, ePESSTO, GROND, Texas Tech
University, SALT Group, TOROS, BOOTES, MWA, CALET, IKI-GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre Auger, ALMA, Euro VLBI Team,
Pi of Sky, Chandra Team at McGill University, DFN, ATLAS Telescopes, High Time Resolution Universe Survey, RIMAS, RATIR, SKA South
Africa/MeerKAT Collaboration, Astrophys. J. Lett. 848 (2) (2017) L12, http://dx.doi.org/10.3847/2041-8213/aa91c9, arXiv:1710.05833.

[75] B.P. Abbott, et al., LIGO Scientific, Virgo, Fermi-GBM, INTEGRAL Collaboration, Astrophys. J. Lett. 848 (2) (2017) L13, http://dx.doi.org/10.3847/
2041-8213/aa920c, arXiv:1710.05834.

[76] A. Schmitt, P. Shternin, Astrophys. Space Sci. Libr. 457 (2018) 455–574, http://dx.doi.org/10.1007/978-3-319-97616-7_9, arXiv:1711.06520.
[77] H. Heiselberg, C.J. Pethick, Phys. Rev. D48 (1993) 2916–2928, http://dx.doi.org/10.1103/PhysRevD.48.2916.
[78] J.I. Kapusta, C. Gale, Finite-Temperature Field Theory: Principles and Applications, in: Cambridge Monographs on Mathematical Physics,

Cambridge University Press, 2011, http://dx.doi.org/10.1017/CBO9780511535130.
[79] M. Laine, A. Vuorinen, Basics of Thermal Field Theory, Vol. 925, Springer, 2016, http://dx.doi.org/10.1007/978-3-319-31933-9, arXiv:1701.

01554.
[80] N.K. Glendenning, Phys. Rev. D 46 (1992) 1274–1287, http://dx.doi.org/10.1103/PhysRevD.46.1274.
[81] A.Y. Potekhin, Phys.-Usp. 57 (8) (2014) 735–770, http://dx.doi.org/10.3367/UFNe.0184.201408a.0793, arXiv:1403.0074.
[82] J. Nattila, M.C. Miller, A.W. Steiner, J.J.E. Kajava, V.F. Suleimanov, J. Poutanen, Astron. Astrophys. 608 (2017) A31, http://dx.doi.org/10.1051/0004-

6361/201731082, arXiv:1709.09120.
[83] N. Chamel, P. Haensel, Living Rev. Rel. 11 (2008) 10, http://dx.doi.org/10.12942/lrr-2008-10, arXiv:0812.3955.
[84] M. Fortin, C. Providencia, A.R. Raduta, F. Gulminelli, J.L. Zdunik, P. Haensel, M. Bejger, Phys. Rev. C 94 (3) (2016) 035804, http://dx.doi.org/10.

1103/PhysRevC.94.035804, arXiv:1604.01944.
[85] S. Weinberg, Phys. Lett. B 251 (2) (1990) 288–292, http://dx.doi.org/10.1016/0370-2693(90)90938-3.
[86] C. Drischler, J.W. Holt, C. Wellenhofer, Ann. Rev. Nucl. Part. Sci. 71 (2021) 403–432, http://dx.doi.org/10.1146/annurev-nucl-102419-041903,

arXiv:2101.01709.
[87] B.A. Freedman, L.D. McLerran, Phys. Rev. D16 (1977) 1169, http://dx.doi.org/10.1103/PhysRevD.16.1169.
[88] J.O. Andersen, E. Braaten, E. Petitgirard, M. Strickland, Phys. Rev. D 66 (2002) 085016, http://dx.doi.org/10.1103/PhysRevD.66.085016, arXiv:

hep-ph/0205085.
[89] A. Vuorinen, Phys. Rev. D68 (2003) 054017, http://dx.doi.org/10.1103/PhysRevD.68.054017, arXiv:hep-ph/0305183.
[90] I.I. Shapiro, Phys. Rev. Lett. 13 (1964) 789–791, http://dx.doi.org/10.1103/PhysRevLett.13.789.
[91] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, J. Hessels, Nature 467 (2010) 1081–1083, http://dx.doi.org/10.1038/nature09466, arXiv:

1010.5788.
[92] H.T. Cromartie, et al., NANOGrav Collaboration, Nat. Astron. 4 (1) (2019) 72–76, http://dx.doi.org/10.1038/s41550-019-0880-2, arXiv:1904.

06759.
[93] J. Antoniadis, et al., Science 340 (2013) 6131, http://dx.doi.org/10.1126/science.1233232, arXiv:1304.6875.
[94] B. Kiziltan, A. Kottas, M. De Yoreo, S.E. Thorsett, Astrophys. J. 778 (2013) 66, http://dx.doi.org/10.1088/0004-637X/778/1/66, arXiv:1309.6635.
[95] F. Özel, P. Freire, Ann. Rev. Astron. Astrophys. 54 (2016) 401–440, http://dx.doi.org/10.1146/annurev-astro-081915-023322, arXiv:1603.02698.
[96] F. Ozel, D. Psaltis, Z. Arzoumanian, S. Morsink, M. Baubock, Astrophys. J. 832 (1) (2016) 92, http://dx.doi.org/10.3847/0004-637X/832/1/92,

arXiv:1512.03067.
[97] M.C. Miller, et al., Astrophys. J. Lett. 918 (2) (2021) L28, http://dx.doi.org/10.3847/2041-8213/ac089b, arXiv:2105.06979.
[98] T.E. Riley, et al., Astrophys. J. Lett. 918 (2) (2021) L27, http://dx.doi.org/10.3847/2041-8213/ac0a81, arXiv:2105.06980.
[99] G. Raaijmakers, S.K. Greif, K. Hebeler, T. Hinderer, S. Nissanke, A. Schwenk, T.E. Riley, A.L. Watts, J.M. Lattimer, W.C.G. Ho, Astrophys. J. Lett.

918 (2) (2021) L29, http://dx.doi.org/10.3847/2041-8213/ac089a, arXiv:2105.06981.
[100] A. Goldstein, et al., Astrophys. J. Lett. 848 (2) (2017) L14, http://dx.doi.org/10.3847/2041-8213/aa8f41, arXiv:1710.05446.
[101] V. Savchenko, et al., Astrophys. J. Lett. 848 (2) (2017) L15, http://dx.doi.org/10.3847/2041-8213/aa8f94, arXiv:1710.05449.
[102] S. Valenti, D.J. Sand, S. Yang, E. Cappellaro, L. Tartaglia, A. Corsi, S.W. Jha, D.E. Reichart, J. Haislip, V. Kouprianov, Astrophys. J. Lett. 848 (2)

(2017) L24, http://dx.doi.org/10.3847/2041-8213/aa8edf, arXiv:1710.05854.
[103] T. Hinderer, B.D. Lackey, R.N. Lang, J.S. Read, Phys. Rev. D 81 (2010) 123016, http://dx.doi.org/10.1103/PhysRevD.81.123016, arXiv:0911.3535.
35

http://dx.doi.org/10.1103/PhysRevLett.120.261103
http://arxiv.org/abs/1803.00549
http://dx.doi.org/10.1103/PhysRevC.81.045201
http://arxiv.org/abs/0901.1748
http://dx.doi.org/10.1103/PhysRevD.96.056024
http://arxiv.org/abs/1701.04400
http://arxiv.org/abs/1701.04400
http://arxiv.org/abs/1701.04400
http://dx.doi.org/10.1140/epjc/s10052-022-10227-x
http://arxiv.org/abs/2110.08281
http://dx.doi.org/10.1088/1361-6382/ab0587
http://arxiv.org/abs/1806.05195
http://dx.doi.org/10.1007/s10714-020-02691-1
http://arxiv.org/abs/2001.09793
http://dx.doi.org/10.1007/JHEP10(2010)020
http://arxiv.org/abs/0907.2695
http://dx.doi.org/10.1007/JHEP01(2011)144
http://arxiv.org/abs/1010.5784
http://dx.doi.org/10.1007/978-3-319-12238-0_10
http://arxiv.org/abs/1310.4319
http://refhub.elsevier.com/S0146-6410(22)00033-3/sb64
http://arxiv.org/abs/1612.07324
http://dx.doi.org/10.1073/pnas.20.5.254
http://dx.doi.org/10.1038/217709a0
http://dx.doi.org/10.1016/j.physrep.2007.02.003
http://arxiv.org/abs/astro-ph/0612440
http://dx.doi.org/10.1103/PhysRev.55.364
http://dx.doi.org/10.1103/PhysRev.55.374
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
http://dx.doi.org/10.1103/PhysRevX.9.011001
http://arxiv.org/abs/1805.11579
http://arxiv.org/abs/1805.11579
http://arxiv.org/abs/1805.11579
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://arxiv.org/abs/1710.05833
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa920c
http://arxiv.org/abs/1710.05834
http://dx.doi.org/10.1007/978-3-319-97616-7_9
http://arxiv.org/abs/1711.06520
http://dx.doi.org/10.1103/PhysRevD.48.2916
http://dx.doi.org/10.1017/CBO9780511535130
http://dx.doi.org/10.1007/978-3-319-31933-9
http://arxiv.org/abs/1701.01554
http://arxiv.org/abs/1701.01554
http://arxiv.org/abs/1701.01554
http://dx.doi.org/10.1103/PhysRevD.46.1274
http://dx.doi.org/10.3367/UFNe.0184.201408a.0793
http://arxiv.org/abs/1403.0074
http://dx.doi.org/10.1051/0004-6361/201731082
http://dx.doi.org/10.1051/0004-6361/201731082
http://dx.doi.org/10.1051/0004-6361/201731082
http://arxiv.org/abs/1709.09120
http://dx.doi.org/10.12942/lrr-2008-10
http://arxiv.org/abs/0812.3955
http://dx.doi.org/10.1103/PhysRevC.94.035804
http://dx.doi.org/10.1103/PhysRevC.94.035804
http://dx.doi.org/10.1103/PhysRevC.94.035804
http://arxiv.org/abs/1604.01944
http://dx.doi.org/10.1016/0370-2693(90)90938-3
http://dx.doi.org/10.1146/annurev-nucl-102419-041903
http://arxiv.org/abs/2101.01709
http://dx.doi.org/10.1103/PhysRevD.16.1169
http://dx.doi.org/10.1103/PhysRevD.66.085016
http://arxiv.org/abs/hep-ph/0205085
http://arxiv.org/abs/hep-ph/0205085
http://arxiv.org/abs/hep-ph/0205085
http://dx.doi.org/10.1103/PhysRevD.68.054017
http://arxiv.org/abs/hep-ph/0305183
http://dx.doi.org/10.1103/PhysRevLett.13.789
http://dx.doi.org/10.1038/nature09466
http://arxiv.org/abs/1010.5788
http://arxiv.org/abs/1010.5788
http://arxiv.org/abs/1010.5788
http://dx.doi.org/10.1038/s41550-019-0880-2
http://arxiv.org/abs/1904.06759
http://arxiv.org/abs/1904.06759
http://arxiv.org/abs/1904.06759
http://dx.doi.org/10.1126/science.1233232
http://arxiv.org/abs/1304.6875
http://dx.doi.org/10.1088/0004-637X/778/1/66
http://arxiv.org/abs/1309.6635
http://dx.doi.org/10.1146/annurev-astro-081915-023322
http://arxiv.org/abs/1603.02698
http://dx.doi.org/10.3847/0004-637X/832/1/92
http://arxiv.org/abs/1512.03067
http://dx.doi.org/10.3847/2041-8213/ac089b
http://arxiv.org/abs/2105.06979
http://dx.doi.org/10.3847/2041-8213/ac0a81
http://arxiv.org/abs/2105.06980
http://dx.doi.org/10.3847/2041-8213/ac089a
http://arxiv.org/abs/2105.06981
http://dx.doi.org/10.3847/2041-8213/aa8f41
http://arxiv.org/abs/1710.05446
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://arxiv.org/abs/1710.05449
http://dx.doi.org/10.3847/2041-8213/aa8edf
http://arxiv.org/abs/1710.05854
http://dx.doi.org/10.1103/PhysRevD.81.123016
http://arxiv.org/abs/0911.3535


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[104] B.P. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. X 9 (1) (2019) 011001, http://dx.doi.org/10.1103/PhysRevX.9.011001,
arXiv:1805.11579.

[105] B.P. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. Lett. 121 (16) (2018) 161101, http://dx.doi.org/10.1103/PhysRevLett.121.
161101, arXiv:1805.11581.

[106] B. Margalit, B.D. Metzger, Astrophys. J. Lett. 850 (2) (2017) L19, http://dx.doi.org/10.3847/2041-8213/aa991c, arXiv:1710.05938.
[107] L. Rezzolla, E.R. Most, L.R. Weih, Astrophys. J. Lett. 852 (2018) L25, http://dx.doi.org/10.3847/2041-8213/aaa401, arXiv:1711.00314.
[108] M. Ruiz, S.L. Shapiro, A. Tsokaros, Phys. Rev. D 97 (2) (2018) http://dx.doi.org/10.1103/PhysRevD.97.021501, 021501(R), arXiv:1711.00473.
[109] E.R. Most, L.J. Papenfort, V. Dexheimer, M. Hanauske, S. Schramm, H. Stöcker, L. Rezzolla, Phys. Rev. Lett. 122 (6) (2019) 061101, http:

//dx.doi.org/10.1103/PhysRevLett.122.061101, arXiv:1807.03684.
[110] T. Hinderer, Astrophys. J. 677 (2008) 1216–1220, http://dx.doi.org/10.1086/533487, arXiv:0711.2420.
[111] K. Yagi, N. Yunes, Science 341 (2013) 365–368, http://dx.doi.org/10.1126/science.1236462, arXiv:1302.4499.
[112] K. Yagi, N. Yunes, Phys. Rep. 681 (2017) 1–72, http://dx.doi.org/10.1016/j.physrep.2017.03.002, arXiv:1608.02582.
[113] A. Kurkela, E.S. Fraga, J. Schaffner-Bielich, A. Vuorinen, Astrophys. J. 789 (2014) 127, http://dx.doi.org/10.1088/0004-637X/789/2/127, arXiv:

1402.6618.
[114] S.A. Hartnoll, A. Tavanfar, Phys. Rev. D 83 (2011) 046003, http://dx.doi.org/10.1103/PhysRevD.83.046003, arXiv:1008.2828.
[115] S.A. Hartnoll, P. Petrov, Phys. Rev. Lett. 106 (2011) 121601, http://dx.doi.org/10.1103/PhysRevLett.106.121601, arXiv:1011.6469.
[116] V.G.M. Puletti, S. Nowling, L. Thorlacius, T. Zingg, J. High Energy Phys. 01 (2011) 117, http://dx.doi.org/10.1007/JHEP01(2011)117, arXiv:

1011.6261.
[117] J. Polchinski, Phys. Rev. Lett. 75 (1995) 4724–4727, http://dx.doi.org/10.1103/PhysRevLett.75.4724, arXiv:hep-th/9510017.
[118] D. Martelli, J. Sparks, Comm. Math. Phys. 262 (2006) 51–89, http://dx.doi.org/10.1007/s00220-005-1425-3, arXiv:hep-th/0411238.
[119] E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253–291, arXiv:hep-th/9802150.
[120] A. Karch, E. Katz, J. High Energy Phys. 06 (2002) 043, http://dx.doi.org/10.1088/1126-6708/2002/06/043, arXiv:hep-th/0205236.
[121] J. Erdmenger, N. Evans, I. Kirsch, E. Threlfall, Eur. Phys. J. A35 (2008) 81–133, http://dx.doi.org/10.1140/epja/i2007-10540-1, arXiv:0711.4467.
[122] C. Nunez, A. Paredes, A.V. Ramallo, Adv. High Energy Phys. 2010 (2010) 196714, http://dx.doi.org/10.1155/2010/196714, arXiv:1002.1088.
[123] E. Witten, Adv. Theor. Math. Phys. 2 (1998) 505–532, http://dx.doi.org/10.4310/ATMP.1998.v2.n3.a3, [89(1998)], arXiv:hep-th/9803131.
[124] T. Sakai, S. Sugimoto, Progr. Theoret. Phys. 113 (2005) 843–882, http://dx.doi.org/10.1143/PTP.113.843, arXiv:hep-th/0412141.
[125] T. Sakai, S. Sugimoto, Progr. Theoret. Phys. 114 (2005) 1083–1118, http://dx.doi.org/10.1143/PTP.114.1083, arXiv:hep-th/0507073.
[126] A. Rebhan, in: L. Bravina, Y. Foka, S. Kabana (Eds.), EPJ Web Conf. 95 (2015) 02005, http://dx.doi.org/10.1051/epjconf/20159502005, arXiv:

1410.8858.
[127] S.S. Gubser, A. Nellore, Phys. Rev. D 78 (2008) 086007, http://dx.doi.org/10.1103/PhysRevD.78.086007, arXiv:0804.0434.
[128] M. Järvinen, E. Kiritsis, J. High Energy Phys. 03 (2012) 002, http://dx.doi.org/10.1007/JHEP03(2012)002, arXiv:1112.1261.
[129] J. Polchinski, String Theory. Vol. 2: Superstring Theory and beyond, in: Cambridge Monographs on Mathematical Physics, Cambridge University

Press, 2007, http://dx.doi.org/10.1017/CBO9780511618123.
[130] J. Dai, R.G. Leigh, J. Polchinski, Modern Phys. Lett. A 4 (1989) 2073–2083, http://dx.doi.org/10.1142/S0217732389002331.
[131] R.G. Leigh, Modern Phys. Lett. A 4 (1989) 2767, http://dx.doi.org/10.1142/S0217732389003099.
[132] J. Polchinski, Theoretical Advanced Study Institute in Elementary Particle Physics (TASI 96): Fields, Strings, and Duality, 1996, pp. 293–356,

arXiv:hep-th/9611050.
[133] C.P. Bachas, A Newton Institute Euroconference on Duality and Supersymmetric Theories, 1998, pp. 414–473, arXiv:hep-th/9806199.
[134] C. Hoyos, N. Jokela, M. Järvinen, J.G. Subils, J. Tarrio, A. Vuorinen, Phys. Rev. Lett. 125 (2020) 241601, http://dx.doi.org/10.1103/PhysRevLett.

125.241601, arXiv:2005.14205.
[135] C. Hoyos, N. Jokela, M. Järvinen, J.G. Subils, J. Tarrio, A. Vuorinen, Phys. Rev. D 105 (6) (2022) 066014, http://dx.doi.org/10.1103/PhysRevD.

105.066014, arXiv:2109.12122.
[136] S. Kobayashi, D. Mateos, S. Matsuura, R.C. Myers, R.M. Thomson, J. High Energy Phys. 02 (2007) 016, http://dx.doi.org/10.1088/1126-

6708/2007/02/016, arXiv:hep-th/0611099.
[137] D. Mateos, S. Matsuura, R.C. Myers, R.M. Thomson, J. High Energy Phys. 11 (2007) 085, http://dx.doi.org/10.1088/1126-6708/2007/11/085,

arXiv:0709.1225.
[138] N. Evans, A. Gebauer, M. Magou, K.-Y. Kim, J. Phys. G 39 (2012) 054005, http://dx.doi.org/10.1088/0954-3899/39/5/054005, arXiv:1109.2633.
[139] K. Bitaghsir Fadafan, J. Cruz Rojas, N. Evans, Phys. Rev. D 101 (12) (2020) 126005, http://dx.doi.org/10.1103/PhysRevD.101.126005, arXiv:

1911.12705.
[140] F. Bigazzi, A.L. Cotrone, J. Mas, A. Paredes, A.V. Ramallo, J. Tarrio, J. High Energy Phys. 11 (2009) 117, http://dx.doi.org/10.1088/1126-

6708/2009/11/117, arXiv:0909.2865.
[141] F. Bigazzi, A.L. Cotrone, J. Mas, D. Mayerson, J. Tarrio, J. High Energy Phys. 04 (2011) 060, http://dx.doi.org/10.1007/JHEP04(2011)060,

arXiv:1101.3560.
[142] F. Bigazzi, A.L. Cotrone, J. Mas, D. Mayerson, J. Tarrio, Commun. Theor. Phys. 57 (2012) 364–386, http://dx.doi.org/10.1088/0253-6102/57/3/07,

arXiv:1110.1744.
[143] F. Bigazzi, A.L. Cotrone, J. Tarrio, J. High Energy Phys. 07 (2013) 074, http://dx.doi.org/10.1007/JHEP07(2013)074, arXiv:1304.4802.
[144] A.F. Faedo, D. Mateos, C. Pantelidou, J. Tarrio, J. High Energy Phys. 02 (2017) 047, http://dx.doi.org/10.1007/JHEP02(2017)047, arXiv:1611.05808.
[145] A. Magana, J. Mas, L. Mazzanti, J. Tarrio, J. High Energy Phys. 07 (2012) 058, http://dx.doi.org/10.1007/JHEP07(2012)058, arXiv:1205.6176.
[146] A.L. Cotrone, J. Tarrio, J. High Energy Phys. 10 (2012) 164, http://dx.doi.org/10.1007/JHEP10(2012)164, arXiv:1207.6703.
[147] A.F. Faedo, D. Mateos, C. Pantelidou, J. Tarrio, J. High Energy Phys. 10 (2017) 139, http://dx.doi.org/10.1007/JHEP10(2017)139, arXiv:1707.06989;

JHEP 07 (2019) 058, Erratum.
[148] D. Mateos, in: Y. Schutz, U.A. Wiedemann (Eds.), J. Phys. G 38 (2011) 124030, http://dx.doi.org/10.1088/0954-3899/38/12/124030, arXiv:

1106.3295.
[149] I.R. Klebanov, E. Witten, Nuclear Phys. B 536 (1998) 199–218, http://dx.doi.org/10.1016/S0550-3213(98)00654-3, arXiv:hep-th/9807080.
[150] I.R. Klebanov, A.A. Tseytlin, Nuclear Phys. B 578 (2000) 123–138, http://dx.doi.org/10.1016/S0550-3213(00)00206-6, arXiv:hep-th/0002159.
[151] I.R. Klebanov, M.J. Strassler, J. High Energy Phys. 08 (2000) 052, http://dx.doi.org/10.1088/1126-6708/2000/08/052, arXiv:hep-th/0007191.
[152] P. Ouyang, Nuclear Phys. B 699 (2004) 207–225, http://dx.doi.org/10.1016/j.nuclphysb.2004.08.015, arXiv:hep-th/0311084.
[153] S. Kuperstein, J. High Energy Phys. 03 (2005) 014, http://dx.doi.org/10.1088/1126-6708/2005/03/014, arXiv:hep-th/0411097.
[154] T. Sakai, J. Sonnenschein, J. High Energy Phys. 09 (2003) 047, http://dx.doi.org/10.1088/1126-6708/2003/09/047, arXiv:hep-th/0305049.
[155] A. Dymarsky, S. Kuperstein, J. Sonnenschein, J. High Energy Phys. 08 (2009) 005, http://dx.doi.org/10.1088/1126-6708/2009/08/005, arXiv:

0904.0988.
[156] F. Benini, F. Canoura, S. Cremonesi, C. Nunez, A.V. Ramallo, J. High Energy Phys. 02 (2007) 090, http://dx.doi.org/10.1088/1126-6708/2007/02/

090, arXiv:hep-th/0612118.
[157] F. Benini, F. Canoura, S. Cremonesi, C. Nunez, A.V. Ramallo, J. High Energy Phys. 09 (2007) 109, http://dx.doi.org/10.1088/1126-6708/2007/09/

109, arXiv:0706.1238.
36

http://dx.doi.org/10.1103/PhysRevX.9.011001
http://arxiv.org/abs/1805.11579
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
http://dx.doi.org/10.3847/2041-8213/aa991c
http://arxiv.org/abs/1710.05938
http://dx.doi.org/10.3847/2041-8213/aaa401
http://arxiv.org/abs/1711.00314
http://dx.doi.org/10.1103/PhysRevD.97.021501
http://arxiv.org/abs/1711.00473
http://dx.doi.org/10.1103/PhysRevLett.122.061101
http://dx.doi.org/10.1103/PhysRevLett.122.061101
http://dx.doi.org/10.1103/PhysRevLett.122.061101
http://arxiv.org/abs/1807.03684
http://dx.doi.org/10.1086/533487
http://arxiv.org/abs/0711.2420
http://dx.doi.org/10.1126/science.1236462
http://arxiv.org/abs/1302.4499
http://dx.doi.org/10.1016/j.physrep.2017.03.002
http://arxiv.org/abs/1608.02582
http://dx.doi.org/10.1088/0004-637X/789/2/127
http://arxiv.org/abs/1402.6618
http://arxiv.org/abs/1402.6618
http://arxiv.org/abs/1402.6618
http://dx.doi.org/10.1103/PhysRevD.83.046003
http://arxiv.org/abs/1008.2828
http://dx.doi.org/10.1103/PhysRevLett.106.121601
http://arxiv.org/abs/1011.6469
http://dx.doi.org/10.1007/JHEP01(2011)117
http://arxiv.org/abs/1011.6261
http://arxiv.org/abs/1011.6261
http://arxiv.org/abs/1011.6261
http://dx.doi.org/10.1103/PhysRevLett.75.4724
http://arxiv.org/abs/hep-th/9510017
http://dx.doi.org/10.1007/s00220-005-1425-3
http://arxiv.org/abs/hep-th/0411238
http://arxiv.org/abs/hep-th/9802150
http://dx.doi.org/10.1088/1126-6708/2002/06/043
http://arxiv.org/abs/hep-th/0205236
http://dx.doi.org/10.1140/epja/i2007-10540-1
http://arxiv.org/abs/0711.4467
http://dx.doi.org/10.1155/2010/196714
http://arxiv.org/abs/1002.1088
http://dx.doi.org/10.4310/ATMP.1998.v2.n3.a3
http://arxiv.org/abs/hep-th/9803131
http://dx.doi.org/10.1143/PTP.113.843
http://arxiv.org/abs/hep-th/0412141
http://dx.doi.org/10.1143/PTP.114.1083
http://arxiv.org/abs/hep-th/0507073
http://dx.doi.org/10.1051/epjconf/20159502005
http://arxiv.org/abs/1410.8858
http://arxiv.org/abs/1410.8858
http://arxiv.org/abs/1410.8858
http://dx.doi.org/10.1103/PhysRevD.78.086007
http://arxiv.org/abs/0804.0434
http://dx.doi.org/10.1007/JHEP03(2012)002
http://arxiv.org/abs/1112.1261
http://dx.doi.org/10.1017/CBO9780511618123
http://dx.doi.org/10.1142/S0217732389002331
http://dx.doi.org/10.1142/S0217732389003099
http://arxiv.org/abs/hep-th/9611050
http://arxiv.org/abs/hep-th/9806199
http://dx.doi.org/10.1103/PhysRevLett.125.241601
http://dx.doi.org/10.1103/PhysRevLett.125.241601
http://dx.doi.org/10.1103/PhysRevLett.125.241601
http://arxiv.org/abs/2005.14205
http://dx.doi.org/10.1103/PhysRevD.105.066014
http://dx.doi.org/10.1103/PhysRevD.105.066014
http://dx.doi.org/10.1103/PhysRevD.105.066014
http://arxiv.org/abs/2109.12122
http://dx.doi.org/10.1088/1126-6708/2007/02/016
http://dx.doi.org/10.1088/1126-6708/2007/02/016
http://dx.doi.org/10.1088/1126-6708/2007/02/016
http://arxiv.org/abs/hep-th/0611099
http://dx.doi.org/10.1088/1126-6708/2007/11/085
http://arxiv.org/abs/0709.1225
http://dx.doi.org/10.1088/0954-3899/39/5/054005
http://arxiv.org/abs/1109.2633
http://dx.doi.org/10.1103/PhysRevD.101.126005
http://arxiv.org/abs/1911.12705
http://arxiv.org/abs/1911.12705
http://arxiv.org/abs/1911.12705
http://dx.doi.org/10.1088/1126-6708/2009/11/117
http://dx.doi.org/10.1088/1126-6708/2009/11/117
http://dx.doi.org/10.1088/1126-6708/2009/11/117
http://arxiv.org/abs/0909.2865
http://dx.doi.org/10.1007/JHEP04(2011)060
http://arxiv.org/abs/1101.3560
http://dx.doi.org/10.1088/0253-6102/57/3/07
http://arxiv.org/abs/1110.1744
http://dx.doi.org/10.1007/JHEP07(2013)074
http://arxiv.org/abs/1304.4802
http://dx.doi.org/10.1007/JHEP02(2017)047
http://arxiv.org/abs/1611.05808
http://dx.doi.org/10.1007/JHEP07(2012)058
http://arxiv.org/abs/1205.6176
http://dx.doi.org/10.1007/JHEP10(2012)164
http://arxiv.org/abs/1207.6703
http://dx.doi.org/10.1007/JHEP10(2017)139
http://arxiv.org/abs/1707.06989
http://dx.doi.org/10.1088/0954-3899/38/12/124030
http://arxiv.org/abs/1106.3295
http://arxiv.org/abs/1106.3295
http://arxiv.org/abs/1106.3295
http://dx.doi.org/10.1016/S0550-3213(98)00654-3
http://arxiv.org/abs/hep-th/9807080
http://dx.doi.org/10.1016/S0550-3213(00)00206-6
http://arxiv.org/abs/hep-th/0002159
http://dx.doi.org/10.1088/1126-6708/2000/08/052
http://arxiv.org/abs/hep-th/0007191
http://dx.doi.org/10.1016/j.nuclphysb.2004.08.015
http://arxiv.org/abs/hep-th/0311084
http://dx.doi.org/10.1088/1126-6708/2005/03/014
http://arxiv.org/abs/hep-th/0411097
http://dx.doi.org/10.1088/1126-6708/2003/09/047
http://arxiv.org/abs/hep-th/0305049
http://dx.doi.org/10.1088/1126-6708/2009/08/005
http://arxiv.org/abs/0904.0988
http://arxiv.org/abs/0904.0988
http://arxiv.org/abs/0904.0988
http://dx.doi.org/10.1088/1126-6708/2007/02/090
http://dx.doi.org/10.1088/1126-6708/2007/02/090
http://dx.doi.org/10.1088/1126-6708/2007/02/090
http://arxiv.org/abs/hep-th/0612118
http://dx.doi.org/10.1088/1126-6708/2007/09/109
http://dx.doi.org/10.1088/1126-6708/2007/09/109
http://dx.doi.org/10.1088/1126-6708/2007/09/109
http://arxiv.org/abs/0706.1238


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[158] F. Bigazzi, A.L. Cotrone, A. Paredes, A.V. Ramallo, J. High Energy Phys. 03 (2009) 153, http://dx.doi.org/10.1088/1126-6708/2009/03/153,
arXiv:0812.3399.

[159] F. Bigazzi, A.L. Cotrone, A. Paredes, J. High Energy Phys. 09 (2008) 048, http://dx.doi.org/10.1088/1126-6708/2008/09/048, arXiv:0807.0298.
[160] B.A. Burrington, V.S. Kaplunovsky, J. Sonnenschein, J. High Energy Phys. 02 (2008) 001, http://dx.doi.org/10.1088/1126-6708/2008/02/001,

arXiv:0708.1234.
[161] F. Bigazzi, A.L. Cotrone, J. High Energy Phys. 01 (2015) 104, http://dx.doi.org/10.1007/JHEP01(2015)104, arXiv:1410.2443.
[162] N. Kovensky, A. Poole, A. Schmitt, Phys. Rev. D 105 (3) (2022) 034022, http://dx.doi.org/10.1103/PhysRevD.105.034022, arXiv:2111.03374.
[163] O. Bergman, G. Lifschytz, M. Lippert, J. High Energy Phys. 11 (2007) 056, http://dx.doi.org/10.1088/1126-6708/2007/11/056, arXiv:0708.0326.
[164] N. Horigome, Y. Tanii, J. High Energy Phys. 01 (2007) 072, http://dx.doi.org/10.1088/1126-6708/2007/01/072, arXiv:hep-th/0608198.
[165] J.L. Davis, M. Gutperle, P. Kraus, I. Sachs, J. High Energy Phys. 10 (2007) 049, http://dx.doi.org/10.1088/1126-6708/2007/10/049, arXiv:

0708.0589.
[166] M. Rozali, H.-H. Shieh, M. Van Raamsdonk, J. Wu, J. High Energy Phys. 01 (2008) 053, http://dx.doi.org/10.1088/1126-6708/2008/01/053,

arXiv:0708.1322.
[167] K.-Y. Kim, S.-J. Sin, I. Zahed, J. High Energy Phys. 01 (2008) 002, http://dx.doi.org/10.1088/1126-6708/2008/01/002, arXiv:0708.1469.
[168] J. de Boer, B.D. Chowdhury, M.P. Heller, J. Jankowski, Phys. Rev. D 87 (6) (2013) 066009, http://dx.doi.org/10.1103/PhysRevD.87.066009,

arXiv:1209.5915.
[169] S.-w. Li, A. Schmitt, Q. Wang, Phys. Rev. D 92 (2) (2015) 026006, http://dx.doi.org/10.1103/PhysRevD.92.026006, arXiv:1505.04886.
[170] K. Bitaghsir Fadafan, F. Kazemian, A. Schmitt, J. High Energy Phys. 03 (2019) 183, http://dx.doi.org/10.1007/JHEP03(2019)183, arXiv:1811.08698.
[171] A. Parnachev, J. High Energy Phys. 02 (2008) 062, http://dx.doi.org/10.1088/1126-6708/2008/02/062, arXiv:0708.3170.
[172] O. Aharony, K. Peeters, J. Sonnenschein, M. Zamaklar, J. High Energy Phys. 02 (2008) 071, http://dx.doi.org/10.1088/1126-6708/2008/02/071,

arXiv:0709.3948.
[173] N. Kovensky, A. Schmitt, SciPost Phys. 11 (2) (2021) 029, http://dx.doi.org/10.21468/SciPostPhys.11.2.029, arXiv:2105.03218.
[174] D. Arean, A.V. Ramallo, J. High Energy Phys. 04 (2006) 037, http://dx.doi.org/10.1088/1126-6708/2006/04/037, arXiv:hep-th/0602174.
[175] A.V. Ramallo, Modern Phys. Lett. A 21 (2006) 1481–1494, http://dx.doi.org/10.1142/S0217732306020901, arXiv:hep-th/0605261.
[176] R.C. Myers, R.M. Thomson, J. High Energy Phys. 09 (2006) 066, http://dx.doi.org/10.1088/1126-6708/2006/09/066, arXiv:hep-th/0605017.
[177] D. Mateos, R.C. Myers, R.M. Thomson, J. High Energy Phys. 05 (2007) 067, http://dx.doi.org/10.1088/1126-6708/2007/05/067, arXiv:hep-

th/0701132.
[178] N. Jokela, A.V. Ramallo, Phys. Rev. D 92 (2) (2015) 026004, http://dx.doi.org/10.1103/PhysRevD.92.026004, arXiv:1503.04327.
[179] G. Itsios, N. Jokela, A.V. Ramallo, Nuclear Phys. B 909 (2016) 677–724, http://dx.doi.org/10.1016/j.nuclphysb.2016.06.008, arXiv:1602.06106.
[180] P. Burikham, E. Hirunsirisawat, S. Pinkanjanarod, J. High Energy Phys. 06 (2010) 040, http://dx.doi.org/10.1007/JHEP06(2010)040, arXiv:

1003.5470.
[181] Y. Kim, I.J. Shin, C.-H. Lee, M.-B. Wan, J. Korean Phys. Soc. 66 (4) (2015) 578–584, http://dx.doi.org/10.3938/jkps.66.578, arXiv:1404.3474.
[182] U. Gürsoy, E. Kiritsis, L. Mazzanti, G. Michalogiorgakis, F. Nitti, Lecture Notes in Phys. 828 (2011) 79–146, http://dx.doi.org/10.1007/978-3-

642-04864-7_4, arXiv:1006.5461.
[183] F. Bigazzi, R. Casero, A.L. Cotrone, E. Kiritsis, A. Paredes, J. High Energy Phys. 10 (2005) 012, http://dx.doi.org/10.1088/1126-6708/2005/10/012,

arXiv:hep-th/0505140.
[184] R. Casero, E. Kiritsis, A. Paredes, Nuclear Phys. B787 (2007) 98–134, http://dx.doi.org/10.1016/j.nuclphysb.2007.07.009, arXiv:hep-th/0702155.
[185] I. Iatrakis, E. Kiritsis, A. Paredes, Phys. Rev. D81 (2010) 115004, http://dx.doi.org/10.1103/PhysRevD.81.115004, arXiv:1003.2377.
[186] I. Iatrakis, E. Kiritsis, A. Paredes, J. High Energy Phys. 11 (2010) 123, http://dx.doi.org/10.1007/JHEP11(2010)123, arXiv:1010.1364.
[187] M. Järvinen, J. High Energy Phys. 07 (2015) 033, http://dx.doi.org/10.1007/JHEP07(2015)033, arXiv:1501.07272.
[188] O. Bergman, S. Seki, J. Sonnenschein, J. High Energy Phys. 12 (2007) 037, http://dx.doi.org/10.1088/1126-6708/2007/12/037, arXiv:0708.2839.
[189] A. Dhar, P. Nag, J. High Energy Phys. 01 (2008) 055, http://dx.doi.org/10.1088/1126-6708/2008/01/055, arXiv:0708.3233.
[190] A. Dhar, P. Nag, Phys. Rev. D 78 (2008) 066021, http://dx.doi.org/10.1103/PhysRevD.78.066021, arXiv:0804.4807.
[191] N. Jokela, M. Järvinen, S. Nowling, J. High Energy Phys. 07 (2009) 085, http://dx.doi.org/10.1088/1126-6708/2009/07/085, arXiv:0901.0281.
[192] T. Alho, M. Järvinen, K. Kajantie, E. Kiritsis, K. Tuominen, J. High Energy Phys. 01 (2013) 093, http://dx.doi.org/10.1007/JHEP01(2013)093,

arXiv:1210.4516.
[193] T. Alho, M. Järvinen, K. Kajantie, E. Kiritsis, C. Rosen, K. Tuominen, J. High Energy Phys. 04 (2014) 124, https://doi.org/10.1007/JHEP02(2015)033,

https://doi.org/10.1007/JHEP04(2014)124 arXiv:1312.5199; JHEP 02 (2015) 033, erratum.
[194] T. Ishii, M. Järvinen, G. Nijs, J. High Energy Phys. 07 (2019) 003, http://dx.doi.org/10.1007/JHEP07(2019)003, arXiv:1903.06169.
[195] D. Areán, I. Iatrakis, M. Järvinen, E. Kiritsis, J. High Energy Phys. 11 (2013) 068, http://dx.doi.org/10.1007/JHEP11(2013)068, arXiv:1309.2286.
[196] D. Arean, I. Iatrakis, M. Järvinen, E. Kiritsis, Phys. Rev. D 96 (2) (2017) 026001, http://dx.doi.org/10.1103/PhysRevD.96.026001, arXiv:1609.08922.
[197] U. Gürsoy, E. Kiritsis, L. Mazzanti, F. Nitti, Nuclear Phys. B820 (2009) 148–177, http://dx.doi.org/10.1016/j.nuclphysb.2009.05.017, arXiv:

0903.2859.
[198] N. Jokela, M. Järvinen, J. Remes, J. High Energy Phys. 03 (2019) 041, http://dx.doi.org/10.1007/JHEP03(2019)041, arXiv:1809.07770.
[199] P.M. Chesler, N. Jokela, A. Loeb, A. Vuorinen, Phys. Rev. D100 (6) (2019) 066027, http://dx.doi.org/10.1103/PhysRevD.100.066027, arXiv:

1906.08440.
[200] M. Panero, Phys. Rev. Lett. 103 (2009) 232001, http://dx.doi.org/10.1103/PhysRevLett.103.232001, arXiv:0907.3719.
[201] S. Borsanyi, Z. Fodor, C. Hoelbling, S.D. Katz, S. Krieg, K.K. Szabo, Phys. Lett. B 730 (2014) 99–104, http://dx.doi.org/10.1016/j.physletb.2014.

01.007, arXiv:1309.5258.
[202] S. Borsanyi, Z. Fodor, S.D. Katz, S. Krieg, C. Ratti, K. Szabo, J. High Energy Phys. 01 (2012) 138, http://dx.doi.org/10.1007/JHEP01(2012)138,

arXiv:1112.4416.
[203] O. DeWolfe, S.S. Gubser, C. Rosen, Phys. Rev. D 83 (2011) 086005, http://dx.doi.org/10.1103/PhysRevD.83.086005, arXiv:1012.1864.
[204] R. Critelli, J. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, R. Rougemont, Phys. Rev. D 96 (9) (2017) 096026, http://dx.doi.org/10.1103/

PhysRevD.96.096026, arXiv:1706.00455.
[205] J. Grefa, J. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, R. Rougemont, Phys. Rev. D 104 (3) (2021) 034002, http://dx.doi.org/10.1103/

PhysRevD.104.034002, arXiv:2102.12042.
[206] J. Knaute, R. Yaresko, B. Kämpfer, Phys. Lett. B 778 (2018) 419–425, http://dx.doi.org/10.1016/j.physletb.2018.01.053, arXiv:1702.06731.
[207] R.-G. Cai, S. He, L. Li, Y.-X. Wang, Probing QCD critical point and induced gravitational wave by black hole physics, 2022, arXiv:2201.02004.
[208] L.A.H. Mamani, C.V. Flores, V.T. Zanchin, Phys. Rev. D 102 (6) (2020) 066006, http://dx.doi.org/10.1103/PhysRevD.102.066006, arXiv:2006.09401.
[209] M.G. Alford, A. Schmitt, K. Rajagopal, T. Schäfer, Rev. Modern Phys. 80 (2008) 1455–1515, http://dx.doi.org/10.1103/RevModPhys.80.1455,

arXiv:0709.4635.
[210] H.-Y. Chen, K. Hashimoto, S. Matsuura, J. High Energy Phys. 02 (2010) 104, http://dx.doi.org/10.1007/JHEP02(2010)104, arXiv:0909.1296.
[211] P. Basu, F. Nogueira, M. Rozali, J.B. Stang, M. Van Raamsdonk, New J. Phys. 13 (2011) 055001, http://dx.doi.org/10.1088/1367-2630/13/5/055001,

arXiv:1101.4042.
[212] M. Rozali, D. Smyth, E. Sorkin, J. High Energy Phys. 08 (2012) 118, http://dx.doi.org/10.1007/JHEP08(2012)118, arXiv:1202.5271.
37

http://dx.doi.org/10.1088/1126-6708/2009/03/153
http://arxiv.org/abs/0812.3399
http://dx.doi.org/10.1088/1126-6708/2008/09/048
http://arxiv.org/abs/0807.0298
http://dx.doi.org/10.1088/1126-6708/2008/02/001
http://arxiv.org/abs/0708.1234
http://dx.doi.org/10.1007/JHEP01(2015)104
http://arxiv.org/abs/1410.2443
http://dx.doi.org/10.1103/PhysRevD.105.034022
http://arxiv.org/abs/2111.03374
http://dx.doi.org/10.1088/1126-6708/2007/11/056
http://arxiv.org/abs/0708.0326
http://dx.doi.org/10.1088/1126-6708/2007/01/072
http://arxiv.org/abs/hep-th/0608198
http://dx.doi.org/10.1088/1126-6708/2007/10/049
http://arxiv.org/abs/0708.0589
http://arxiv.org/abs/0708.0589
http://arxiv.org/abs/0708.0589
http://dx.doi.org/10.1088/1126-6708/2008/01/053
http://arxiv.org/abs/0708.1322
http://dx.doi.org/10.1088/1126-6708/2008/01/002
http://arxiv.org/abs/0708.1469
http://dx.doi.org/10.1103/PhysRevD.87.066009
http://arxiv.org/abs/1209.5915
http://dx.doi.org/10.1103/PhysRevD.92.026006
http://arxiv.org/abs/1505.04886
http://dx.doi.org/10.1007/JHEP03(2019)183
http://arxiv.org/abs/1811.08698
http://dx.doi.org/10.1088/1126-6708/2008/02/062
http://arxiv.org/abs/0708.3170
http://dx.doi.org/10.1088/1126-6708/2008/02/071
http://arxiv.org/abs/0709.3948
http://dx.doi.org/10.21468/SciPostPhys.11.2.029
http://arxiv.org/abs/2105.03218
http://dx.doi.org/10.1088/1126-6708/2006/04/037
http://arxiv.org/abs/hep-th/0602174
http://dx.doi.org/10.1142/S0217732306020901
http://arxiv.org/abs/hep-th/0605261
http://dx.doi.org/10.1088/1126-6708/2006/09/066
http://arxiv.org/abs/hep-th/0605017
http://dx.doi.org/10.1088/1126-6708/2007/05/067
http://arxiv.org/abs/hep-th/0701132
http://arxiv.org/abs/hep-th/0701132
http://arxiv.org/abs/hep-th/0701132
http://dx.doi.org/10.1103/PhysRevD.92.026004
http://arxiv.org/abs/1503.04327
http://dx.doi.org/10.1016/j.nuclphysb.2016.06.008
http://arxiv.org/abs/1602.06106
http://dx.doi.org/10.1007/JHEP06(2010)040
http://arxiv.org/abs/1003.5470
http://arxiv.org/abs/1003.5470
http://arxiv.org/abs/1003.5470
http://dx.doi.org/10.3938/jkps.66.578
http://arxiv.org/abs/1404.3474
http://dx.doi.org/10.1007/978-3-642-04864-7_4
http://dx.doi.org/10.1007/978-3-642-04864-7_4
http://dx.doi.org/10.1007/978-3-642-04864-7_4
http://arxiv.org/abs/1006.5461
http://dx.doi.org/10.1088/1126-6708/2005/10/012
http://arxiv.org/abs/hep-th/0505140
http://dx.doi.org/10.1016/j.nuclphysb.2007.07.009
http://arxiv.org/abs/hep-th/0702155
http://dx.doi.org/10.1103/PhysRevD.81.115004
http://arxiv.org/abs/1003.2377
http://dx.doi.org/10.1007/JHEP11(2010)123
http://arxiv.org/abs/1010.1364
http://dx.doi.org/10.1007/JHEP07(2015)033
http://arxiv.org/abs/1501.07272
http://dx.doi.org/10.1088/1126-6708/2007/12/037
http://arxiv.org/abs/0708.2839
http://dx.doi.org/10.1088/1126-6708/2008/01/055
http://arxiv.org/abs/0708.3233
http://dx.doi.org/10.1103/PhysRevD.78.066021
http://arxiv.org/abs/0804.4807
http://dx.doi.org/10.1088/1126-6708/2009/07/085
http://arxiv.org/abs/0901.0281
http://dx.doi.org/10.1007/JHEP01(2013)093
http://arxiv.org/abs/1210.4516
https://doi.org/10.1007/JHEP02(2015)033
https://doi.org/10.1007/JHEP04(2014)124
http://arxiv.org/abs/1312.5199
http://dx.doi.org/10.1007/JHEP07(2019)003
http://arxiv.org/abs/1903.06169
http://dx.doi.org/10.1007/JHEP11(2013)068
http://arxiv.org/abs/1309.2286
http://dx.doi.org/10.1103/PhysRevD.96.026001
http://arxiv.org/abs/1609.08922
http://dx.doi.org/10.1016/j.nuclphysb.2009.05.017
http://arxiv.org/abs/0903.2859
http://arxiv.org/abs/0903.2859
http://arxiv.org/abs/0903.2859
http://dx.doi.org/10.1007/JHEP03(2019)041
http://arxiv.org/abs/1809.07770
http://dx.doi.org/10.1103/PhysRevD.100.066027
http://arxiv.org/abs/1906.08440
http://arxiv.org/abs/1906.08440
http://arxiv.org/abs/1906.08440
http://dx.doi.org/10.1103/PhysRevLett.103.232001
http://arxiv.org/abs/0907.3719
http://dx.doi.org/10.1016/j.physletb.2014.01.007
http://dx.doi.org/10.1016/j.physletb.2014.01.007
http://dx.doi.org/10.1016/j.physletb.2014.01.007
http://arxiv.org/abs/1309.5258
http://dx.doi.org/10.1007/JHEP01(2012)138
http://arxiv.org/abs/1112.4416
http://dx.doi.org/10.1103/PhysRevD.83.086005
http://arxiv.org/abs/1012.1864
http://dx.doi.org/10.1103/PhysRevD.96.096026
http://dx.doi.org/10.1103/PhysRevD.96.096026
http://dx.doi.org/10.1103/PhysRevD.96.096026
http://arxiv.org/abs/1706.00455
http://dx.doi.org/10.1103/PhysRevD.104.034002
http://dx.doi.org/10.1103/PhysRevD.104.034002
http://dx.doi.org/10.1103/PhysRevD.104.034002
http://arxiv.org/abs/2102.12042
http://dx.doi.org/10.1016/j.physletb.2018.01.053
http://arxiv.org/abs/1702.06731
http://arxiv.org/abs/2201.02004
http://dx.doi.org/10.1103/PhysRevD.102.066006
http://arxiv.org/abs/2006.09401
http://dx.doi.org/10.1103/RevModPhys.80.1455
http://arxiv.org/abs/0709.4635
http://dx.doi.org/10.1007/JHEP02(2010)104
http://arxiv.org/abs/0909.1296
http://dx.doi.org/10.1088/1367-2630/13/5/055001
http://arxiv.org/abs/1101.4042
http://dx.doi.org/10.1007/JHEP08(2012)118
http://arxiv.org/abs/1202.5271


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[213] K. Bitaghsir Fadafan, J. Cruz Rojas, N. Evans, Phys. Rev. D 98 (6) (2018) 066010, http://dx.doi.org/10.1103/PhysRevD.98.066010, arXiv:
1803.03107.

[214] A.F. Faedo, D. Mateos, C. Pantelidou, J. Tarrío, J. High Energy Phys. 05 (2019) 106, http://dx.doi.org/10.1007/JHEP05(2019)106, arXiv:1807.09712.
[215] O. Henriksson, C. Hoyos, N. Jokela, J. High Energy Phys. 09 (2019) 088, http://dx.doi.org/10.1007/JHEP09(2019)088, arXiv:1907.01562.
[216] O. Henriksson, C. Hoyos, N. Jokela, J. High Energy Phys. 02 (2020) 007, http://dx.doi.org/10.1007/JHEP02(2020)007, arXiv:1910.06348.
[217] A.F. Faedo, D. Mateos, C. Pantelidou, J. Tarrío, J. High Energy Phys. 11 (2019) 020, http://dx.doi.org/10.1007/JHEP11(2019)020, arXiv:1909.00227.
[218] K. Ghoroku, K. Kashiwa, Y. Nakano, M. Tachibana, F. Toyoda, Phys. Rev. D 99 (10) (2019) 106011, http://dx.doi.org/10.1103/PhysRevD.99.106011,

arXiv:1902.01093.
[219] K. Bitaghsir Fadafan, J. Cruz Rojas, N. Evans, Phys. Rev. D 103 (2) (2021) 026012, http://dx.doi.org/10.1103/PhysRevD.103.026012, arXiv:

2009.14079.
[220] O. Bergman, N. Jokela, G. Lifschytz, M. Lippert, J. High Energy Phys. 10 (2010) 063, http://dx.doi.org/10.1007/JHEP10(2010)063, arXiv:1003.4965.
[221] E. Witten, J. High Energy Phys. 07 (1998) 006, http://dx.doi.org/10.1088/1126-6708/1998/07/006, arXiv:hep-th/9805112.
[222] Y. Imamura, Nuclear Phys. B 537 (1999) 184–202, http://dx.doi.org/10.1016/S0550-3213(98)00671-3, arXiv:hep-th/9807179.
[223] J.M. Camino, A. Paredes, A.V. Ramallo, J. High Energy Phys. 05 (2001) 011, http://dx.doi.org/10.1088/1126-6708/2001/05/011, arXiv:hep-

th/0104082.
[224] C.G. Callan Jr., A. Guijosa, K.G. Savvidy, Nuclear Phys. B 547 (1999) 127–142, http://dx.doi.org/10.1016/S0550-3213(99)00057-7, arXiv:hep-

th/9810092.
[225] C.G. Callan Jr., A. Guijosa, K.G. Savvidy, O. Tafjord, Nuclear Phys. B 555 (1999) 183–200, http://dx.doi.org/10.1016/S0550-3213(99)00312-0,

arXiv:hep-th/9902197.
[226] A. Brandhuber, N. Itzhaki, J. Sonnenschein, S. Yankielowicz, J. High Energy Phys. 07 (1998) 020, http://dx.doi.org/10.1088/1126-6708/1998/07/

020, arXiv:hep-th/9806158.
[227] B. Craps, J. Gomis, D. Mateos, A. Van Proeyen, J. High Energy Phys. 04 (1999) 004, http://dx.doi.org/10.1088/1126-6708/1999/04/004,

arXiv:hep-th/9901060.
[228] J.M. Camino, A.V. Ramallo, J.M. Sanchez de Santos, Nuclear Phys. B 562 (1999) 103–132, http://dx.doi.org/10.1016/S0550-3213(99)00527-1,

arXiv:hep-th/9905118.
[229] H. Hata, T. Sakai, S. Sugimoto, S. Yamato, Progr. Theoret. Phys. 117 (2007) 1157, http://dx.doi.org/10.1143/PTP.117.1157, arXiv:hep-th/0701280.
[230] K. Hashimoto, T. Sakai, S. Sugimoto, Progr. Theoret. Phys. 120 (2008) 1093–1137, http://dx.doi.org/10.1143/PTP.120.1093, arXiv:0806.3122.
[231] S. Seki, J. Sonnenschein, J. High Energy Phys. 01 (2009) 053, http://dx.doi.org/10.1088/1126-6708/2009/01/053, arXiv:0810.1633.
[232] J. Sonnenschein, Prog. Part. Nucl. Phys. 92 (2017) 1–49, http://dx.doi.org/10.1016/j.ppnp.2016.06.005, arXiv:1602.00704.
[233] C. Hoyos-Badajoz, A. Karch, Phys. Rev. D 79 (2009) 125021, http://dx.doi.org/10.1103/PhysRevD.79.125021, arXiv:0904.0008.
[234] C. Hoyos, G. Itsios, O. Vasilakis, J. High Energy Phys. 01 (2017) 139, http://dx.doi.org/10.1007/JHEP01(2017)139, arXiv:1611.07029.
[235] A.A. Belavin, A.M. Polyakov, A.S. Schwartz, Y.S. Tyupkin, in: J.C. Taylor (Ed.), Phys. Lett. B 59 (1975) 85–87, http://dx.doi.org/10.1016/0370-

2693(75)90163-X.
[236] A. Pomarol, A. Wulzer, Nuclear Phys. B 809 (2009) 347–361, http://dx.doi.org/10.1016/j.nuclphysb.2008.10.004, arXiv:0807.0316.
[237] G. Panico, A. Wulzer, Nuclear Phys. A 825 (2009) 91–114, http://dx.doi.org/10.1016/j.nuclphysa.2009.04.004, arXiv:0811.2211.
[238] D.K. Hong, M. Rho, H.-U. Yee, P. Yi, Phys. Rev. D 76 (2007) 061901, http://dx.doi.org/10.1103/PhysRevD.76.061901, arXiv:hep-th/0701276.
[239] D.K. Hong, M. Rho, H.-U. Yee, P. Yi, Phys. Rev. D 77 (2008) 014030, http://dx.doi.org/10.1103/PhysRevD.77.014030, arXiv:0710.4615.
[240] S. Pinkanjanarod, P. Burikham, Eur. Phys. J. C 81 (8) (2021) 705, http://dx.doi.org/10.1140/epjc/s10052-021-09479-w, arXiv:2007.10615.
[241] S. Pinkanjanarod, P. Burikham, S. Ponglertsakul, Eur. Phys. J. C 82 (2) (2022) 141, http://dx.doi.org/10.1140/epjc/s10052-022-10106-5,

arXiv:2106.13450.
[242] P. Burikham, S. Pinkanjanarod, S. Ponglertsakul, Slowly rotating neutron star with holographic multiquark core: I-love-Q relations, 2021,

arXiv:2111.00712.
[243] A. Cherman, T.D. Cohen, M. Nielsen, Phys. Rev. Lett. 103 (2009) 022001, http://dx.doi.org/10.1103/PhysRevLett.103.022001, arXiv:0903.2662.
[244] A. Cherman, T. Ishii, Phys. Rev. D 86 (2012) 045011, http://dx.doi.org/10.1103/PhysRevD.86.045011, arXiv:1109.4665.
[245] S. Bolognesi, P. Sutcliffe, J. High Energy Phys. 01 (2014) 078, http://dx.doi.org/10.1007/JHEP01(2014)078, arXiv:1309.1396.
[246] M. Rozali, J.B. Stang, M. van Raamsdonk, J. High Energy Phys. 02 (2014) 044, http://dx.doi.org/10.1007/JHEP02(2014)044, arXiv:1309.7037.
[247] V. Kaplunovsky, D. Melnikov, J. Sonnenschein, J. High Energy Phys. 11 (2012) 047, http://dx.doi.org/10.1007/JHEP11(2012)047, arXiv:1201.1331.
[248] V. Kaplunovsky, D. Melnikov, J. Sonnenschein, Modern Phys. Lett. B29 (16) (2015) 1540052, http://dx.doi.org/10.1142/S0217984915400527,

arXiv:1501.04655.
[249] F. Preis, A. Schmitt, J. High Energy Phys. 07 (2016) 001, http://dx.doi.org/10.1007/JHEP07(2016)001, arXiv:1606.00675.
[250] S. Baldino, S. Bolognesi, S.B. Gudnason, D. Koksal, Phys. Rev. D 96 (3) (2017) 034008, http://dx.doi.org/10.1103/PhysRevD.96.034008, arXiv:

1703.08695.
[251] L. McLerran, R.D. Pisarski, Nuclear Phys. A 796 (2007) 83–100, http://dx.doi.org/10.1016/j.nuclphysa.2007.08.013, arXiv:0706.2191.
[252] A. Andronic, et al., Nuclear Phys. A 837 (2010) 65–86, http://dx.doi.org/10.1016/j.nuclphysa.2010.02.005, arXiv:0911.4806.
[253] K. Fukushima, C. Sasaki, Prog. Part. Nucl. Phys. 72 (2013) 99–154, http://dx.doi.org/10.1016/j.ppnp.2013.05.003, arXiv:1301.6377.
[254] O. Philipsen, J. Scheunert, J. High Energy Phys. 11 (2019) 022, http://dx.doi.org/10.1007/JHEP11(2019)022, arXiv:1908.03136.
[255] L. McLerran, S. Reddy, Phys. Rev. Lett. 122 (12) (2019) 122701, http://dx.doi.org/10.1103/PhysRevLett.122.122701, arXiv:1811.12503.
[256] K.S. Jeong, L. McLerran, S. Sen, Phys. Rev. C 101 (3) (2020) 035201, http://dx.doi.org/10.1103/PhysRevC.101.035201, arXiv:1908.04799.
[257] S. Sen, N.C. Warrington, Nuclear Phys. A 1006 (2021) 122059, http://dx.doi.org/10.1016/j.nuclphysa.2020.122059, arXiv:2002.11133.
[258] D.C. Duarte, S. Hernandez-Ortiz, K.S. Jeong, Phys. Rev. C 102 (2) (2020) 025203, http://dx.doi.org/10.1103/PhysRevC.102.025203, arXiv:

2003.02362.
[259] T. Zhao, J.M. Lattimer, Phys. Rev. D 102 (2) (2020) 023021, http://dx.doi.org/10.1103/PhysRevD.102.023021, arXiv:2004.08293.
[260] N. Kovensky, A. Schmitt, J. High Energy Phys. 09 (2020) 112, http://dx.doi.org/10.1007/JHEP09(2020)112, arXiv:2006.13739.
[261] M. Rho, S.-J. Sin, I. Zahed, Phys. Lett. B 689 (2010) 23–27, http://dx.doi.org/10.1016/j.physletb.2010.01.077, arXiv:0910.3774.
[262] V. Kaplunovsky, J. Sonnenschein, J. High Energy Phys. 05 (2011) 058, http://dx.doi.org/10.1007/JHEP05(2011)058, arXiv:1003.2621.
[263] V. Kaplunovsky, J. Sonnenschein, J. High Energy Phys. 04 (2014) 022, http://dx.doi.org/10.1007/JHEP04(2014)022, arXiv:1304.7540.
[264] M. Järvinen, V. Kaplunovsky, J. Sonnenschein, SciPost Phys. 11 (1) (2021) 018, http://dx.doi.org/10.21468/SciPostPhys.11.1.018, arXiv:2011.

05338.
[265] A.R. Zhitnitsky, Light-Cone QCD and Nonperturbative Hadron Physics, 2006, pp. 207–213, http://dx.doi.org/10.1142/9789812708267_0023,

arXiv:hep-ph/0601057.
[266] K. Hashimoto, T. Sakai, S. Sugimoto, Progr. Theoret. Phys. 122 (2009) 427–476, http://dx.doi.org/10.1143/PTP.122.427, arXiv:0901.4449.
[267] M. Elliot-Ripley, P. Sutcliffe, M. Zamaklar, J. High Energy Phys. 10 (2016) 088, http://dx.doi.org/10.1007/JHEP10(2016)088, arXiv:1607.04832.
[268] N. Jokela, M. Järvinen, G. Nijs, J. Remes, Phys. Rev. D 103 (8) (2021) 086004, http://dx.doi.org/10.1103/PhysRevD.103.086004, arXiv:2006.01141.
[269] N. Jokela, M. Järvinen, J. Remes, Phys. Rev. D 105 (8) (2022) 086005, http://dx.doi.org/10.1103/PhysRevD.105.086005, arXiv:2111.12101.
38

http://dx.doi.org/10.1103/PhysRevD.98.066010
http://arxiv.org/abs/1803.03107
http://arxiv.org/abs/1803.03107
http://arxiv.org/abs/1803.03107
http://dx.doi.org/10.1007/JHEP05(2019)106
http://arxiv.org/abs/1807.09712
http://dx.doi.org/10.1007/JHEP09(2019)088
http://arxiv.org/abs/1907.01562
http://dx.doi.org/10.1007/JHEP02(2020)007
http://arxiv.org/abs/1910.06348
http://dx.doi.org/10.1007/JHEP11(2019)020
http://arxiv.org/abs/1909.00227
http://dx.doi.org/10.1103/PhysRevD.99.106011
http://arxiv.org/abs/1902.01093
http://dx.doi.org/10.1103/PhysRevD.103.026012
http://arxiv.org/abs/2009.14079
http://arxiv.org/abs/2009.14079
http://arxiv.org/abs/2009.14079
http://dx.doi.org/10.1007/JHEP10(2010)063
http://arxiv.org/abs/1003.4965
http://dx.doi.org/10.1088/1126-6708/1998/07/006
http://arxiv.org/abs/hep-th/9805112
http://dx.doi.org/10.1016/S0550-3213(98)00671-3
http://arxiv.org/abs/hep-th/9807179
http://dx.doi.org/10.1088/1126-6708/2001/05/011
http://arxiv.org/abs/hep-th/0104082
http://arxiv.org/abs/hep-th/0104082
http://arxiv.org/abs/hep-th/0104082
http://dx.doi.org/10.1016/S0550-3213(99)00057-7
http://arxiv.org/abs/hep-th/9810092
http://arxiv.org/abs/hep-th/9810092
http://arxiv.org/abs/hep-th/9810092
http://dx.doi.org/10.1016/S0550-3213(99)00312-0
http://arxiv.org/abs/hep-th/9902197
http://dx.doi.org/10.1088/1126-6708/1998/07/020
http://dx.doi.org/10.1088/1126-6708/1998/07/020
http://dx.doi.org/10.1088/1126-6708/1998/07/020
http://arxiv.org/abs/hep-th/9806158
http://dx.doi.org/10.1088/1126-6708/1999/04/004
http://arxiv.org/abs/hep-th/9901060
http://dx.doi.org/10.1016/S0550-3213(99)00527-1
http://arxiv.org/abs/hep-th/9905118
http://dx.doi.org/10.1143/PTP.117.1157
http://arxiv.org/abs/hep-th/0701280
http://dx.doi.org/10.1143/PTP.120.1093
http://arxiv.org/abs/0806.3122
http://dx.doi.org/10.1088/1126-6708/2009/01/053
http://arxiv.org/abs/0810.1633
http://dx.doi.org/10.1016/j.ppnp.2016.06.005
http://arxiv.org/abs/1602.00704
http://dx.doi.org/10.1103/PhysRevD.79.125021
http://arxiv.org/abs/0904.0008
http://dx.doi.org/10.1007/JHEP01(2017)139
http://arxiv.org/abs/1611.07029
http://dx.doi.org/10.1016/0370-2693(75)90163-X
http://dx.doi.org/10.1016/0370-2693(75)90163-X
http://dx.doi.org/10.1016/0370-2693(75)90163-X
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.004
http://arxiv.org/abs/0807.0316
http://dx.doi.org/10.1016/j.nuclphysa.2009.04.004
http://arxiv.org/abs/0811.2211
http://dx.doi.org/10.1103/PhysRevD.76.061901
http://arxiv.org/abs/hep-th/0701276
http://dx.doi.org/10.1103/PhysRevD.77.014030
http://arxiv.org/abs/0710.4615
http://dx.doi.org/10.1140/epjc/s10052-021-09479-w
http://arxiv.org/abs/2007.10615
http://dx.doi.org/10.1140/epjc/s10052-022-10106-5
http://arxiv.org/abs/2106.13450
http://arxiv.org/abs/2111.00712
http://dx.doi.org/10.1103/PhysRevLett.103.022001
http://arxiv.org/abs/0903.2662
http://dx.doi.org/10.1103/PhysRevD.86.045011
http://arxiv.org/abs/1109.4665
http://dx.doi.org/10.1007/JHEP01(2014)078
http://arxiv.org/abs/1309.1396
http://dx.doi.org/10.1007/JHEP02(2014)044
http://arxiv.org/abs/1309.7037
http://dx.doi.org/10.1007/JHEP11(2012)047
http://arxiv.org/abs/1201.1331
http://dx.doi.org/10.1142/S0217984915400527
http://arxiv.org/abs/1501.04655
http://dx.doi.org/10.1007/JHEP07(2016)001
http://arxiv.org/abs/1606.00675
http://dx.doi.org/10.1103/PhysRevD.96.034008
http://arxiv.org/abs/1703.08695
http://arxiv.org/abs/1703.08695
http://arxiv.org/abs/1703.08695
http://dx.doi.org/10.1016/j.nuclphysa.2007.08.013
http://arxiv.org/abs/0706.2191
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.005
http://arxiv.org/abs/0911.4806
http://dx.doi.org/10.1016/j.ppnp.2013.05.003
http://arxiv.org/abs/1301.6377
http://dx.doi.org/10.1007/JHEP11(2019)022
http://arxiv.org/abs/1908.03136
http://dx.doi.org/10.1103/PhysRevLett.122.122701
http://arxiv.org/abs/1811.12503
http://dx.doi.org/10.1103/PhysRevC.101.035201
http://arxiv.org/abs/1908.04799
http://dx.doi.org/10.1016/j.nuclphysa.2020.122059
http://arxiv.org/abs/2002.11133
http://dx.doi.org/10.1103/PhysRevC.102.025203
http://arxiv.org/abs/2003.02362
http://arxiv.org/abs/2003.02362
http://arxiv.org/abs/2003.02362
http://dx.doi.org/10.1103/PhysRevD.102.023021
http://arxiv.org/abs/2004.08293
http://dx.doi.org/10.1007/JHEP09(2020)112
http://arxiv.org/abs/2006.13739
http://dx.doi.org/10.1016/j.physletb.2010.01.077
http://arxiv.org/abs/0910.3774
http://dx.doi.org/10.1007/JHEP05(2011)058
http://arxiv.org/abs/1003.2621
http://dx.doi.org/10.1007/JHEP04(2014)022
http://arxiv.org/abs/1304.7540
http://dx.doi.org/10.21468/SciPostPhys.11.1.018
http://arxiv.org/abs/2011.05338
http://arxiv.org/abs/2011.05338
http://arxiv.org/abs/2011.05338
http://dx.doi.org/10.1142/9789812708267_0023
http://arxiv.org/abs/hep-ph/0601057
http://dx.doi.org/10.1143/PTP.122.427
http://arxiv.org/abs/0901.4449
http://dx.doi.org/10.1007/JHEP10(2016)088
http://arxiv.org/abs/1607.04832
http://dx.doi.org/10.1103/PhysRevD.103.086004
http://arxiv.org/abs/2006.01141
http://dx.doi.org/10.1103/PhysRevD.105.086005
http://arxiv.org/abs/2111.12101


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[270] C. Hoyos, D. Rodríguez Fernández, N. Jokela, A. Vuorinen, Phys. Rev. Lett. 117 (3) (2016) 032501, http://dx.doi.org/10.1103/PhysRevLett.117.
032501, arXiv:1603.02943.

[271] A. Karch, M. Kulaxizi, A. Parnachev, J. High Energy Phys. 11 (2009) 017, http://dx.doi.org/10.1088/1126-6708/2009/11/017, arXiv:0908.3493.
[272] M. Ammon, M. Kaminski, A. Karch, J. High Energy Phys. 11 (2012) 028, http://dx.doi.org/10.1007/JHEP11(2012)028, arXiv:1207.1726.
[273] A. Karch, A. O’Bannon, J. High Energy Phys. 11 (2007) 074, http://dx.doi.org/10.1088/1126-6708/2007/11/074, arXiv:0709.0570.
[274] M. Hempel, J. Schaffner-Bielich, Nuclear Phys. A 837 (2010) 210–254, http://dx.doi.org/10.1016/j.nuclphysa.2010.02.010, arXiv:0911.4073.
[275] F.J. Fattoyev, C.J. Horowitz, J. Piekarewicz, G. Shen, Phys. Rev. C 82 (2010) 055803, http://dx.doi.org/10.1103/PhysRevC.82.055803, arXiv:

1008.3030.
[276] A.W. Steiner, M. Hempel, T. Fischer, Astrophys. J. 774 (2013) 17, http://dx.doi.org/10.1088/0004-637X/774/1/17, arXiv:1207.2184.
[277] S. Typel, M. Oertel, T. Klähn, Phys. Part. Nucl. 46 (4) (2015) 633–664, http://dx.doi.org/10.1134/S1063779615040061, arXiv:1307.5715.
[278] T. Demircik, C. Ecker, M. Järvinen, Astrophys. J. Lett. 907 (2) (2021) L37, http://dx.doi.org/10.3847/2041-8213/abd853, arXiv:2009.10731.
[279] R. Abbott, et al., LIGO Scientific, Virgo Collaboration, Astrophys. J. Lett. 896 (2) (2020) L44, http://dx.doi.org/10.3847/2041-8213/ab960f,

arXiv:2006.12611.
[280] H.A. Buchdahl, Astrophys. J. 147 (1967) 310, http://dx.doi.org/10.1086/149001.
[281] R.C. Tolman, Phys. Rev. 55 (1939) 364–373, http://dx.doi.org/10.1103/PhysRev.55.364, URL https://link.aps.org/doi/10.1103/PhysRev.55.364.
[282] J.M. Lattimer, AIP Conf. Proc. 1645 (1) (2015) 61–78, http://dx.doi.org/10.1063/1.4909560, arXiv:https://aip.scitation.org/doi/pdf/10.1063/1.

4909560, URL https://aip.scitation.org/doi/abs/10.1063/1.4909560.
[283] A.R. Bodmer, Phys. Rev. D 4 (1971) 1601–1606, http://dx.doi.org/10.1103/PhysRevD.4.1601.
[284] E. Farhi, R.L. Jaffe, Phys. Rev. D 30 (1984) 2379, http://dx.doi.org/10.1103/PhysRevD.30.2379.
[285] E. Witten, Phys. Rev. D 30 (1984) 272–285, http://dx.doi.org/10.1103/PhysRevD.30.272.
[286] E.S. Fraga, R.D. Pisarski, J. Schaffner-Bielich, Phys. Rev. D 63 (2001) 121702, http://dx.doi.org/10.1103/PhysRevD.63.121702, arXiv:hep-ph/

0101143.
[287] E. Annala, C. Ecker, C. Hoyos, N. Jokela, D. Rodríguez Fernández, A. Vuorinen, J. High Energy Phys. 12 (2018) 078, http://dx.doi.org/10.1007/

JHEP12(2018)078, arXiv:1711.06244.
[288] M. Alford, M. Braby, M.W. Paris, S. Reddy, Astrophys. J. 629 (2005) 969–978, http://dx.doi.org/10.1086/430902, arXiv:nucl-th/0411016.
[289] M. Sieniawska, W. Turczanski, M. Bejger, J.L. Zdunik, Astron. Astrophys. 622 (2019) A174, http://dx.doi.org/10.1051/0004-6361/201833969,

arXiv:1807.11581.
[290] S. Han, A.W. Steiner, Phys. Rev. D 99 (8) (2019) 083014, http://dx.doi.org/10.1103/PhysRevD.99.083014, arXiv:1810.10967.
[291] D.D. Doneva, S.S. Yazadjiev, N. Stergioulas, K.D. Kokkotas, Astrophys. J. Lett. 781 (2013) L6, http://dx.doi.org/10.1088/2041-8205/781/1/L6,

arXiv:1310.7436.
[292] B. Haskell, R. Ciolfi, F. Pannarale, L. Rezzolla, Mon. Not. R. Astron. Soc. 438 (1) (2014) L71–L75, http://dx.doi.org/10.1093/mnrasl/slt161,

arXiv:1309.3885.
[293] H. Tan, V. Dexheimer, J. Noronha-Hostler, N. Yunes, The slope, the hill, the drop, and the swoosh: Learning about the nuclear matter equation

of state from the binary love relations, 2021, arXiv:2111.10260.
[294] M. Alford, S. Reddy, Phys. Rev. D 67 (2003) 074024, http://dx.doi.org/10.1103/PhysRevD.67.074024, arXiv:nucl-th/0211046.
[295] J.L. Zdunik, P. Haensel, Astron. Astrophys. 551 (2013) A61, http://dx.doi.org/10.1051/0004-6361/201220697, arXiv:1211.1231.
[296] A. Bauswein, N.-U.F. Bastian, D.B. Blaschke, K. Chatziioannou, J.A. Clark, T. Fischer, M. Oertel, Phys. Rev. Lett. 122 (6) (2019) 061102,

http://dx.doi.org/10.1103/PhysRevLett.122.061102, arXiv:1809.01116.
[297] C. Ecker, M. Järvinen, G. Nijs, W. van der Schee, Phys. Rev. D 101 (10) (2020) 103006, http://dx.doi.org/10.1103/PhysRevD.101.103006,

arXiv:1908.03213.
[298] A. Cherman, T.D. Cohen, A. Nellore, Phys. Rev. D80 (2009) 066003, http://dx.doi.org/10.1103/PhysRevD.80.066003, arXiv:0905.0903.
[299] A. Buchel, C. Pagnutti, Nuclear Phys. B 824 (2010) 85–94, http://dx.doi.org/10.1016/j.nuclphysb.2009.08.017, arXiv:0904.1716.
[300] A. Buchel, C. Pagnutti, Phys. Lett. B 697 (2011) 168–172, http://dx.doi.org/10.1016/j.physletb.2011.01.057, arXiv:1010.5748.
[301] M. Kulaxizi, A. Parnachev, Nuclear Phys. B815 (2009) 125–141, http://dx.doi.org/10.1016/j.nuclphysb.2009.02.016, arXiv:0811.2262.
[302] S. Kachru, X. Liu, M. Mulligan, Phys. Rev. D 78 (2008) 106005, http://dx.doi.org/10.1103/PhysRevD.78.106005, arXiv:0808.1725.
[303] C. Hoyos-Badajoz, A. O’Bannon, J.M.S. Wu, J. High Energy Phys. 09 (2010) 086, http://dx.doi.org/10.1007/JHEP09(2010)086, arXiv:1007.0590.
[304] N. Jokela, J. Järvelä, A.V. Ramallo, Nuclear Phys. B 916 (2017) 727–768, http://dx.doi.org/10.1016/j.nuclphysb.2017.01.014, arXiv:1605.09156.
[305] M. Taylor, Classical Quantum Gravity 33 (3) (2016) 033001, http://dx.doi.org/10.1088/0264-9381/33/3/033001, arXiv:1512.03554.
[306] C. Hoyos, N. Jokela, D. Rodríguez Fernández, A. Vuorinen, Phys. Rev. D94 (10) (2016) 106008, http://dx.doi.org/10.1103/PhysRevD.94.106008,

arXiv:1609.03480.
[307] C. Ecker, C. Hoyos, N. Jokela, D. Rodríguez Fernández, A. Vuorinen, J. High Energy Phys. 11 (2017) 031, http://dx.doi.org/10.1007/JHEP11(2017)

031, arXiv:1707.00521.
[308] S. Grozdanov, N. Poovuttikul, J. High Energy Phys. 04 (2019) 141, http://dx.doi.org/10.1007/JHEP04(2019)141, arXiv:1707.04182.
[309] U. Gürsoy, M. Järvinen, G. Nijs, Phys. Rev. Lett. 120 (24) (2018) 242002, http://dx.doi.org/10.1103/PhysRevLett.120.242002, arXiv:1707.00872.
[310] U. Gürsoy, Eur. Phys. J. A 57 (7) (2021) 247, http://dx.doi.org/10.1140/epja/s10050-021-00554-0, arXiv:2104.02839.
[311] A. Anabalon, T. Andrade, D. Astefanesei, R. Mann, Phys. Lett. B 781 (2018) 547–552, http://dx.doi.org/10.1016/j.physletb.2018.04.028, arXiv:

1702.00017.
[312] E.S. Fraga, A. Kurkela, A. Vuorinen, Eur. Phys. J. A 52 (3) (2016) 49, http://dx.doi.org/10.1140/epja/i2016-16049-6, arXiv:1508.05019.
[313] T.E. Riley, et al., Astrophys. J. Lett. 887 (1) (2019) L21, http://dx.doi.org/10.3847/2041-8213/ab481c, arXiv:1912.05702.
[314] M.C. Miller, et al., Astrophys. J. Lett. 887 (1) (2019) L24, http://dx.doi.org/10.3847/2041-8213/ab50c5, arXiv:1912.05705.
[315] A. Akmal, V.R. Pandharipande, D.G. Ravenhall, Phys. Rev. C 58 (1998) 1804–1828, http://dx.doi.org/10.1103/PhysRevC.58.1804, arXiv:nucl-

th/9804027.
[316] A. Amorim, M.S. Costa, M. Järvinen, J. High Energy Phys. 07 (2021) 065, http://dx.doi.org/10.1007/JHEP07(2021)065, arXiv:2102.11296.
[317] K. Zhang, T. Hirayama, L.-W. Luo, F.-L. Lin, Phys. Lett. B 801 (2020) 135176, http://dx.doi.org/10.1016/j.physletb.2019.135176, arXiv:1902.08477.
[318] M. Shibata, S. Fujibayashi, K. Hotokezaka, K. Kiuchi, K. Kyutoku, Y. Sekiguchi, M. Tanaka, Phys. Rev. D 96 (12) (2017) 123012, http:

//dx.doi.org/10.1103/PhysRevD.96.123012, arXiv:1710.07579.
[319] M. Shibata, E. Zhou, K. Kiuchi, S. Fujibayashi, Phys. Rev. D 100 (2) (2019) 023015, http://dx.doi.org/10.1103/PhysRevD.100.023015, arXiv:

1905.03656.
[320] W.-G. Paeng, T.T.S. Kuo, H.K. Lee, Y.-L. Ma, M. Rho, Phys. Rev. D 96 (1) (2017) 014031, http://dx.doi.org/10.1103/PhysRevD.96.014031,

arXiv:1704.02775.
[321] Y.-L. Ma, M. Rho, What’s in the core of massive neutron stars? 2020, arXiv:2006.14173.
[322] K. Ghoroku, K. Kubo, M. Tachibana, F. Toyoda, Internat. J. Modern Phys. A29 (2014) 1450060, http://dx.doi.org/10.1142/S0217751X14500602,

arXiv:1311.1598.
[323] K. Ghoroku, K. Kashiwa, Y. Nakano, M. Tachibana, F. Toyoda, Phys. Rev. D 104 (12) (2021) 126002, http://dx.doi.org/10.1103/PhysRevD.104.

126002, arXiv:2107.14450.
39

http://dx.doi.org/10.1103/PhysRevLett.117.032501
http://dx.doi.org/10.1103/PhysRevLett.117.032501
http://dx.doi.org/10.1103/PhysRevLett.117.032501
http://arxiv.org/abs/1603.02943
http://dx.doi.org/10.1088/1126-6708/2009/11/017
http://arxiv.org/abs/0908.3493
http://dx.doi.org/10.1007/JHEP11(2012)028
http://arxiv.org/abs/1207.1726
http://dx.doi.org/10.1088/1126-6708/2007/11/074
http://arxiv.org/abs/0709.0570
http://dx.doi.org/10.1016/j.nuclphysa.2010.02.010
http://arxiv.org/abs/0911.4073
http://dx.doi.org/10.1103/PhysRevC.82.055803
http://arxiv.org/abs/1008.3030
http://arxiv.org/abs/1008.3030
http://arxiv.org/abs/1008.3030
http://dx.doi.org/10.1088/0004-637X/774/1/17
http://arxiv.org/abs/1207.2184
http://dx.doi.org/10.1134/S1063779615040061
http://arxiv.org/abs/1307.5715
http://dx.doi.org/10.3847/2041-8213/abd853
http://arxiv.org/abs/2009.10731
http://dx.doi.org/10.3847/2041-8213/ab960f
http://arxiv.org/abs/2006.12611
http://dx.doi.org/10.1086/149001
http://dx.doi.org/10.1103/PhysRev.55.364
https://link.aps.org/doi/10.1103/PhysRev.55.364
http://dx.doi.org/10.1063/1.4909560
http://arxiv.org/abs/https://aip.scitation.org/doi/pdf/10.1063/1.4909560
http://arxiv.org/abs/https://aip.scitation.org/doi/pdf/10.1063/1.4909560
http://arxiv.org/abs/https://aip.scitation.org/doi/pdf/10.1063/1.4909560
https://aip.scitation.org/doi/abs/10.1063/1.4909560
http://dx.doi.org/10.1103/PhysRevD.4.1601
http://dx.doi.org/10.1103/PhysRevD.30.2379
http://dx.doi.org/10.1103/PhysRevD.30.272
http://dx.doi.org/10.1103/PhysRevD.63.121702
http://arxiv.org/abs/hep-ph/0101143
http://arxiv.org/abs/hep-ph/0101143
http://arxiv.org/abs/hep-ph/0101143
http://dx.doi.org/10.1007/JHEP12(2018)078
http://dx.doi.org/10.1007/JHEP12(2018)078
http://dx.doi.org/10.1007/JHEP12(2018)078
http://arxiv.org/abs/1711.06244
http://dx.doi.org/10.1086/430902
http://arxiv.org/abs/nucl-th/0411016
http://dx.doi.org/10.1051/0004-6361/201833969
http://arxiv.org/abs/1807.11581
http://dx.doi.org/10.1103/PhysRevD.99.083014
http://arxiv.org/abs/1810.10967
http://dx.doi.org/10.1088/2041-8205/781/1/L6
http://arxiv.org/abs/1310.7436
http://dx.doi.org/10.1093/mnrasl/slt161
http://arxiv.org/abs/1309.3885
http://arxiv.org/abs/2111.10260
http://dx.doi.org/10.1103/PhysRevD.67.074024
http://arxiv.org/abs/nucl-th/0211046
http://dx.doi.org/10.1051/0004-6361/201220697
http://arxiv.org/abs/1211.1231
http://dx.doi.org/10.1103/PhysRevLett.122.061102
http://arxiv.org/abs/1809.01116
http://dx.doi.org/10.1103/PhysRevD.101.103006
http://arxiv.org/abs/1908.03213
http://dx.doi.org/10.1103/PhysRevD.80.066003
http://arxiv.org/abs/0905.0903
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.017
http://arxiv.org/abs/0904.1716
http://dx.doi.org/10.1016/j.physletb.2011.01.057
http://arxiv.org/abs/1010.5748
http://dx.doi.org/10.1016/j.nuclphysb.2009.02.016
http://arxiv.org/abs/0811.2262
http://dx.doi.org/10.1103/PhysRevD.78.106005
http://arxiv.org/abs/0808.1725
http://dx.doi.org/10.1007/JHEP09(2010)086
http://arxiv.org/abs/1007.0590
http://dx.doi.org/10.1016/j.nuclphysb.2017.01.014
http://arxiv.org/abs/1605.09156
http://dx.doi.org/10.1088/0264-9381/33/3/033001
http://arxiv.org/abs/1512.03554
http://dx.doi.org/10.1103/PhysRevD.94.106008
http://arxiv.org/abs/1609.03480
http://dx.doi.org/10.1007/JHEP11(2017)031
http://dx.doi.org/10.1007/JHEP11(2017)031
http://dx.doi.org/10.1007/JHEP11(2017)031
http://arxiv.org/abs/1707.00521
http://dx.doi.org/10.1007/JHEP04(2019)141
http://arxiv.org/abs/1707.04182
http://dx.doi.org/10.1103/PhysRevLett.120.242002
http://arxiv.org/abs/1707.00872
http://dx.doi.org/10.1140/epja/s10050-021-00554-0
http://arxiv.org/abs/2104.02839
http://dx.doi.org/10.1016/j.physletb.2018.04.028
http://arxiv.org/abs/1702.00017
http://arxiv.org/abs/1702.00017
http://arxiv.org/abs/1702.00017
http://dx.doi.org/10.1140/epja/i2016-16049-6
http://arxiv.org/abs/1508.05019
http://dx.doi.org/10.3847/2041-8213/ab481c
http://arxiv.org/abs/1912.05702
http://dx.doi.org/10.3847/2041-8213/ab50c5
http://arxiv.org/abs/1912.05705
http://dx.doi.org/10.1103/PhysRevC.58.1804
http://arxiv.org/abs/nucl-th/9804027
http://arxiv.org/abs/nucl-th/9804027
http://arxiv.org/abs/nucl-th/9804027
http://dx.doi.org/10.1007/JHEP07(2021)065
http://arxiv.org/abs/2102.11296
http://dx.doi.org/10.1016/j.physletb.2019.135176
http://arxiv.org/abs/1902.08477
http://dx.doi.org/10.1103/PhysRevD.96.123012
http://dx.doi.org/10.1103/PhysRevD.96.123012
http://dx.doi.org/10.1103/PhysRevD.96.123012
http://arxiv.org/abs/1710.07579
http://dx.doi.org/10.1103/PhysRevD.100.023015
http://arxiv.org/abs/1905.03656
http://arxiv.org/abs/1905.03656
http://arxiv.org/abs/1905.03656
http://dx.doi.org/10.1103/PhysRevD.96.014031
http://arxiv.org/abs/1704.02775
http://arxiv.org/abs/2006.14173
http://dx.doi.org/10.1142/S0217751X14500602
http://arxiv.org/abs/1311.1598
http://dx.doi.org/10.1103/PhysRevD.104.126002
http://dx.doi.org/10.1103/PhysRevD.104.126002
http://dx.doi.org/10.1103/PhysRevD.104.126002
http://arxiv.org/abs/2107.14450


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[324] M.G. Alford, K. Rajagopal, F. Wilczek, Phys. Lett. B 422 (1998) 247–256, http://dx.doi.org/10.1016/S0370-2693(98)00051-3, arXiv:hep-ph/
9711395.

[325] P.B. Arnold, C. Dogan, G.D. Moore, Phys. Rev. D74 (2006) 085021, http://dx.doi.org/10.1103/PhysRevD.74.085021, arXiv:hep-ph/0608012.
[326] P.A. Baikov, K.G. Chetyrkin, J.H. Kühn, Phys. Rev. Lett. 118 (8) (2017) 082002, http://dx.doi.org/10.1103/PhysRevLett.118.082002, arXiv:

1606.08659.
[327] A. Kurkela, A. Vuorinen, Phys. Rev. Lett. 117 (4) (2016) 042501, http://dx.doi.org/10.1103/PhysRevLett.117.042501, arXiv:1603.00750.
[328] C. Amsler, et al., Particle Data Group Collaboration, Phys. Lett. B 667 (2008) 1–1340, http://dx.doi.org/10.1016/j.physletb.2008.07.018.
[329] D.T. Son, A.O. Starinets, J. High Energy Phys. 09 (2002) 042, http://dx.doi.org/10.1088/1126-6708/2002/09/042, arXiv:hep-th/0205051.
[330] K.S. Thorne, R.H. Price, D.A. Macdonald (Eds.), Black Holes: the Membrane Paradigm, 1986.
[331] P. Kovtun, D.T. Son, A.O. Starinets, J. High Energy Phys. 10 (2003) 064, http://dx.doi.org/10.1088/1126-6708/2003/10/064, arXiv:hep-th/0309213.
[332] S. Bhattacharyya, V.E. Hubeny, S. Minwalla, M. Rangamani, J. High Energy Phys. 02 (2008) 045, http://dx.doi.org/10.1088/1126-6708/2008/02/

045, arXiv:0712.2456.
[333] N. Iqbal, H. Liu, Phys. Rev. D 79 (2009) 025023, http://dx.doi.org/10.1103/PhysRevD.79.025023, arXiv:0809.3808.
[334] C. Eling, Y. Oz, J. High Energy Phys. 06 (2011) 007, http://dx.doi.org/10.1007/JHEP06(2011)007, arXiv:1103.1657.
[335] A. Donos, J.P. Gauntlett, J. High Energy Phys. 01 (2015) 035, http://dx.doi.org/10.1007/JHEP01(2015)035, arXiv:1409.6875.
[336] U. Gürsoy, J. Tarrio, J. High Energy Phys. 10 (2015) 058, http://dx.doi.org/10.1007/JHEP10(2015)058, arXiv:1410.1306.
[337] B. Goutéraux, N. Jokela, A. Pönni, J. High Energy Phys. 07 (2018) 004, http://dx.doi.org/10.1007/JHEP07(2018)004, arXiv:1803.03089.
[338] A. Rebhan, D. Steineder, Phys. Rev. Lett. 108 (2012) 021601, http://dx.doi.org/10.1103/PhysRevLett.108.021601, arXiv:1110.6825.
[339] A. Buchel, J.T. Liu, A.O. Starinets, Nuclear Phys. B 707 (2005) 56–68, http://dx.doi.org/10.1016/j.nuclphysb.2004.11.055, arXiv:hep-th/0406264.
[340] K.A. Mamo, J. High Energy Phys. 10 (2012) 070, http://dx.doi.org/10.1007/JHEP10(2012)070, arXiv:1205.1797.
[341] S. Cremonini, Modern Phys. Lett. B 25 (2011) 1867–1888, http://dx.doi.org/10.1142/S0217984911027315, arXiv:1108.0677.
[342] C. Hoyos, B.S. Kim, Y. Oz, J. High Energy Phys. 03 (2014) 050, http://dx.doi.org/10.1007/JHEP03(2014)050, arXiv:1312.6380.
[343] S.S. Gubser, S.S. Pufu, F.D. Rocha, J. High Energy Phys. 08 (2008) 085, http://dx.doi.org/10.1088/1126-6708/2008/08/085, arXiv:0806.0407.
[344] A. Buchel, U. Gürsoy, E. Kiritsis, J. High Energy Phys. 09 (2011) 095, http://dx.doi.org/10.1007/JHEP09(2011)095, arXiv:1104.2058.
[345] S.A. Hartnoll, C.P. Herzog, G.T. Horowitz, Phys. Rev. Lett. 101 (2008) 031601, http://dx.doi.org/10.1103/PhysRevLett.101.031601, arXiv:0803.

3295.
[346] S.A. Hartnoll, C.P. Herzog, G.T. Horowitz, J. High Energy Phys. 12 (2008) 015, http://dx.doi.org/10.1088/1126-6708/2008/12/015, arXiv:

0810.1563.
[347] A. Buchel, J. High Energy Phys. 03 (2018) 037, http://dx.doi.org/10.1007/JHEP03(2018)037, arXiv:1801.06165.
[348] A. Donos, J.P. Gauntlett, J. High Energy Phys. 11 (2014) 081, http://dx.doi.org/10.1007/JHEP11(2014)081, arXiv:1406.4742.
[349] A. Donos, J.P. Gauntlett, T. Griffin, V. Ziogas, J. High Energy Phys. 04 (2018) 053, http://dx.doi.org/10.1007/JHEP04(2018)053, arXiv:1801.09084.
[350] R.A. Davison, B. Goutéraux, J. High Energy Phys. 09 (2015) 090, http://dx.doi.org/10.1007/JHEP09(2015)090, arXiv:1505.05092.
[351] R.A. Davison, B. Goutéraux, S.A. Hartnoll, J. High Energy Phys. 10 (2015) 112, http://dx.doi.org/10.1007/JHEP10(2015)112, arXiv:1507.07137.
[352] A. Karch, A. O’Bannon, J. High Energy Phys. 09 (2007) 024, http://dx.doi.org/10.1088/1126-6708/2007/09/024, arXiv:0705.3870.
[353] C.P. Herzog, A. Karch, P. Kovtun, C. Kozcaz, L.G. Yaffe, J. High Energy Phys. 07 (2006) 013, http://dx.doi.org/10.1088/1126-6708/2006/07/013,

arXiv:hep-th/0605158.
[354] L. Baiotti, L. Rezzolla, Rept. Prog. Phys. 80 (9) (2017) 096901, http://dx.doi.org/10.1088/1361-6633/aa67bb, arXiv:1607.03540.
[355] J.H. Taylor, J.M. Weisberg, Astrophys. J. 253 (1982) 908–920, http://dx.doi.org/10.1086/159690.
[356] J.M. Weisberg, D.J. Nice, J.H. Taylor, Astrophys. J. 722 (2010) 1030–1034, http://dx.doi.org/10.1088/0004-637X/722/2/1030, arXiv:1011.0718.
[357] C.J. Moore, R.H. Cole, C.P.L. Berry, Classical Quantum Gravity 32 (1) (2015) 015014, http://dx.doi.org/10.1088/0264-9381/32/1/015014, arXiv:

1408.0740.
[358] B.P. Abbott, et al., LIGO Scientific, Virgo Collaboration, Phys. Rev. Lett. 116 (6) (2016) 061102, http://dx.doi.org/10.1103/PhysRevLett.116.061102,

arXiv:1602.03837.
[359] B.P. Abbott, et al., LIGO Scientific, Virgo Collaboration, Astrophys. J. Lett. 892 (1) (2020) L3, http://dx.doi.org/10.3847/2041-8213/ab75f5,

arXiv:2001.01761.
[360] T. Dietrich, T. Hinderer, A. Samajdar, Gen. Relativity Gravitation 53 (3) (2021) 27, http://dx.doi.org/10.1007/s10714-020-02751-6, arXiv:

2004.02527.
[361] K. Chatziioannou, Gen. Relativity Gravitation 52 (11) (2020) 109, http://dx.doi.org/10.1007/s10714-020-02754-3, arXiv:2006.03168.
[362] H. Fang, G. Lovelace, Phys. Rev. D 72 (2005) 124016, http://dx.doi.org/10.1103/PhysRevD.72.124016, arXiv:gr-qc/0505156.
[363] T. Damour, A. Nagar, Phys. Rev. D 80 (2009) 084035, http://dx.doi.org/10.1103/PhysRevD.80.084035, arXiv:0906.0096.
[364] T. Binnington, E. Poisson, Phys. Rev. D 80 (2009) 084018, http://dx.doi.org/10.1103/PhysRevD.80.084018, arXiv:0906.1366.
[365] P. Charalambous, S. Dubovsky, M.M. Ivanov, J. High Energy Phys. 05 (2021) 038, http://dx.doi.org/10.1007/JHEP05(2021)038, arXiv:2102.08917.
[366] R. Abbott, et al., LIGO Scientific, KAGRA, VIRGO Collaboration, Astrophys. J. Lett. 915 (1) (2021) L5, http://dx.doi.org/10.3847/2041-8213/ac082e,

arXiv:2106.15163.
[367] S. De, D. Finstad, J.M. Lattimer, D.A. Brown, E. Berger, C.M. Biwer, Phys. Rev. Lett. 121 (9) (2018) 091102, http://dx.doi.org/10.1103/PhysRevLett.

121.091102, arXiv:1804.08583; Phys. Rev. Lett. 121 (2018) 259902, Erratum.
[368] K. Takami, L. Rezzolla, L. Baiotti, Phys. Rev. D 91 (6) (2015) 064001, http://dx.doi.org/10.1103/PhysRevD.91.064001, arXiv:1412.3240.
[369] N.T. Bishop, L. Rezzolla, Living Rev. Rel. 19 (2016) 2, http://dx.doi.org/10.1007/s41114-016-0001-9, arXiv:1606.02532.
[370] E. Newman, R. Penrose, J. Math. Phys. 3 (1962) 566–578, http://dx.doi.org/10.1063/1.1724257.
[371] M. Breschi, S. Bernuzzi, F. Zappa, M. Agathos, A. Perego, D. Radice, A. Nagar, Phys. Rev. D 100 (10) (2019) 104029, http://dx.doi.org/10.1103/

PhysRevD.100.104029, arXiv:1908.11418.
[372] N. Jokela, EPJ Web Conf. 258 (2022) 07004, http://dx.doi.org/10.1051/epjconf/202225807004, arXiv:2111.07940.
[373] A. Bauswein, S. Blacker, Eur. Phys. J. ST 229 (22–23) (2020) 3595–3604, http://dx.doi.org/10.1140/epjst/e2020-000138-7, arXiv:2006.16183.
[374] J. Braun, T. Dörnfeld, B. Schallmo, S. Töpfel, Phys. Rev. D 104 (9) (2021) 096002, http://dx.doi.org/10.1103/PhysRevD.104.096002, arXiv:

2008.05978.
[375] G.F. Burgio, I. Vidana, H.J. Schulze, J.B. Wei, Prog. Part. Nucl. Phys. 120 (2021) 103879, http://dx.doi.org/10.1016/j.ppnp.2021.103879, arXiv:

2105.03747.
[376] A. Bauswein, H.T. Janka, R. Oechslin, Phys. Rev. D 82 (2010) 084043, http://dx.doi.org/10.1103/PhysRevD.82.084043, arXiv:1006.3315.
[377] V.M. Kaspi, A. Beloborodov, Ann. Rev. Astron. Astrophys. 55 (2017) 261–301, http://dx.doi.org/10.1146/annurev-astro-081915-023329, arXiv:

1703.00068.
[378] D.E. Kharzeev, L.D. McLerran, H.J. Warringa, Nuclear Phys. A 803 (2008) 227–253, http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298, arXiv:

0711.0950.
[379] J. Erdmenger, R. Meyer, J.P. Shock, J. High Energy Phys. 12 (2007) 091, http://dx.doi.org/10.1088/1126-6708/2007/12/091, arXiv:0709.1551.
[380] E. D’Hoker, P. Kraus, J. High Energy Phys. 10 (2009) 088, http://dx.doi.org/10.1088/1126-6708/2009/10/088, arXiv:0908.3875.
[381] E. D’Hoker, P. Kraus, J. High Energy Phys. 03 (2010) 095, http://dx.doi.org/10.1007/JHEP03(2010)095, arXiv:0911.4518.
40

http://dx.doi.org/10.1016/S0370-2693(98)00051-3
http://arxiv.org/abs/hep-ph/9711395
http://arxiv.org/abs/hep-ph/9711395
http://arxiv.org/abs/hep-ph/9711395
http://dx.doi.org/10.1103/PhysRevD.74.085021
http://arxiv.org/abs/hep-ph/0608012
http://dx.doi.org/10.1103/PhysRevLett.118.082002
http://arxiv.org/abs/1606.08659
http://arxiv.org/abs/1606.08659
http://arxiv.org/abs/1606.08659
http://dx.doi.org/10.1103/PhysRevLett.117.042501
http://arxiv.org/abs/1603.00750
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1088/1126-6708/2002/09/042
http://arxiv.org/abs/hep-th/0205051
http://refhub.elsevier.com/S0146-6410(22)00033-3/sb330
http://dx.doi.org/10.1088/1126-6708/2003/10/064
http://arxiv.org/abs/hep-th/0309213
http://dx.doi.org/10.1088/1126-6708/2008/02/045
http://dx.doi.org/10.1088/1126-6708/2008/02/045
http://dx.doi.org/10.1088/1126-6708/2008/02/045
http://arxiv.org/abs/0712.2456
http://dx.doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808
http://dx.doi.org/10.1007/JHEP06(2011)007
http://arxiv.org/abs/1103.1657
http://dx.doi.org/10.1007/JHEP01(2015)035
http://arxiv.org/abs/1409.6875
http://dx.doi.org/10.1007/JHEP10(2015)058
http://arxiv.org/abs/1410.1306
http://dx.doi.org/10.1007/JHEP07(2018)004
http://arxiv.org/abs/1803.03089
http://dx.doi.org/10.1103/PhysRevLett.108.021601
http://arxiv.org/abs/1110.6825
http://dx.doi.org/10.1016/j.nuclphysb.2004.11.055
http://arxiv.org/abs/hep-th/0406264
http://dx.doi.org/10.1007/JHEP10(2012)070
http://arxiv.org/abs/1205.1797
http://dx.doi.org/10.1142/S0217984911027315
http://arxiv.org/abs/1108.0677
http://dx.doi.org/10.1007/JHEP03(2014)050
http://arxiv.org/abs/1312.6380
http://dx.doi.org/10.1088/1126-6708/2008/08/085
http://arxiv.org/abs/0806.0407
http://dx.doi.org/10.1007/JHEP09(2011)095
http://arxiv.org/abs/1104.2058
http://dx.doi.org/10.1103/PhysRevLett.101.031601
http://arxiv.org/abs/0803.3295
http://arxiv.org/abs/0803.3295
http://arxiv.org/abs/0803.3295
http://dx.doi.org/10.1088/1126-6708/2008/12/015
http://arxiv.org/abs/0810.1563
http://arxiv.org/abs/0810.1563
http://arxiv.org/abs/0810.1563
http://dx.doi.org/10.1007/JHEP03(2018)037
http://arxiv.org/abs/1801.06165
http://dx.doi.org/10.1007/JHEP11(2014)081
http://arxiv.org/abs/1406.4742
http://dx.doi.org/10.1007/JHEP04(2018)053
http://arxiv.org/abs/1801.09084
http://dx.doi.org/10.1007/JHEP09(2015)090
http://arxiv.org/abs/1505.05092
http://dx.doi.org/10.1007/JHEP10(2015)112
http://arxiv.org/abs/1507.07137
http://dx.doi.org/10.1088/1126-6708/2007/09/024
http://arxiv.org/abs/0705.3870
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://arxiv.org/abs/hep-th/0605158
http://dx.doi.org/10.1088/1361-6633/aa67bb
http://arxiv.org/abs/1607.03540
http://dx.doi.org/10.1086/159690
http://dx.doi.org/10.1088/0004-637X/722/2/1030
http://arxiv.org/abs/1011.0718
http://dx.doi.org/10.1088/0264-9381/32/1/015014
http://arxiv.org/abs/1408.0740
http://arxiv.org/abs/1408.0740
http://arxiv.org/abs/1408.0740
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://arxiv.org/abs/1602.03837
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
http://dx.doi.org/10.1007/s10714-020-02751-6
http://arxiv.org/abs/2004.02527
http://arxiv.org/abs/2004.02527
http://arxiv.org/abs/2004.02527
http://dx.doi.org/10.1007/s10714-020-02754-3
http://arxiv.org/abs/2006.03168
http://dx.doi.org/10.1103/PhysRevD.72.124016
http://arxiv.org/abs/gr-qc/0505156
http://dx.doi.org/10.1103/PhysRevD.80.084035
http://arxiv.org/abs/0906.0096
http://dx.doi.org/10.1103/PhysRevD.80.084018
http://arxiv.org/abs/0906.1366
http://dx.doi.org/10.1007/JHEP05(2021)038
http://arxiv.org/abs/2102.08917
http://dx.doi.org/10.3847/2041-8213/ac082e
http://arxiv.org/abs/2106.15163
http://dx.doi.org/10.1103/PhysRevLett.121.091102
http://dx.doi.org/10.1103/PhysRevLett.121.091102
http://dx.doi.org/10.1103/PhysRevLett.121.091102
http://arxiv.org/abs/1804.08583
http://dx.doi.org/10.1103/PhysRevD.91.064001
http://arxiv.org/abs/1412.3240
http://dx.doi.org/10.1007/s41114-016-0001-9
http://arxiv.org/abs/1606.02532
http://dx.doi.org/10.1063/1.1724257
http://dx.doi.org/10.1103/PhysRevD.100.104029
http://dx.doi.org/10.1103/PhysRevD.100.104029
http://dx.doi.org/10.1103/PhysRevD.100.104029
http://arxiv.org/abs/1908.11418
http://dx.doi.org/10.1051/epjconf/202225807004
http://arxiv.org/abs/2111.07940
http://dx.doi.org/10.1140/epjst/e2020-000138-7
http://arxiv.org/abs/2006.16183
http://dx.doi.org/10.1103/PhysRevD.104.096002
http://arxiv.org/abs/2008.05978
http://arxiv.org/abs/2008.05978
http://arxiv.org/abs/2008.05978
http://dx.doi.org/10.1016/j.ppnp.2021.103879
http://arxiv.org/abs/2105.03747
http://arxiv.org/abs/2105.03747
http://arxiv.org/abs/2105.03747
http://dx.doi.org/10.1103/PhysRevD.82.084043
http://arxiv.org/abs/1006.3315
http://dx.doi.org/10.1146/annurev-astro-081915-023329
http://arxiv.org/abs/1703.00068
http://arxiv.org/abs/1703.00068
http://arxiv.org/abs/1703.00068
http://dx.doi.org/10.1016/j.nuclphysa.2008.02.298
http://arxiv.org/abs/0711.0950
http://arxiv.org/abs/0711.0950
http://arxiv.org/abs/0711.0950
http://dx.doi.org/10.1088/1126-6708/2007/12/091
http://arxiv.org/abs/0709.1551
http://dx.doi.org/10.1088/1126-6708/2009/10/088
http://arxiv.org/abs/0908.3875
http://dx.doi.org/10.1007/JHEP03(2010)095
http://arxiv.org/abs/0911.4518


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[382] K. Jensen, A. Karch, E.G. Thompson, J. High Energy Phys. 05 (2010) 015, http://dx.doi.org/10.1007/JHEP05(2010)015, arXiv:1002.2447.
[383] N. Evans, A. Gebauer, K.-Y. Kim, M. Magou, Phys. Lett. B698 (2011) 91–95, http://dx.doi.org/10.1016/j.physletb.2011.03.004, arXiv:1003.2694.
[384] E. D’Hoker, P. Kraus, J. High Energy Phys. 05 (2010) 083, http://dx.doi.org/10.1007/JHEP05(2010)083, arXiv:1003.1302.
[385] K.-Y. Kim, B. Sahoo, H.-U. Yee, J. High Energy Phys. 10 (2010) 005, http://dx.doi.org/10.1007/JHEP10(2010)005, arXiv:1007.1985.
[386] C. Hoyos, T. Nishioka, A. O’Bannon, J. High Energy Phys. 10 (2011) 084, http://dx.doi.org/10.1007/JHEP10(2011)084, arXiv:1106.4030.
[387] M. Ammon, V.G. Filev, J. Tarrio, D. Zoakos, J. High Energy Phys. 09 (2012) 039, http://dx.doi.org/10.1007/JHEP09(2012)039, arXiv:1207.1047.
[388] O. Bergman, J. Erdmenger, G. Lifschytz, Lecture Notes in Phys. 871 (2013) 591–624, http://dx.doi.org/10.1007/978-3-642-37305-3_22, arXiv:

1207.5953.
[389] U. Gürsoy, M. Järvinen, G. Nijs, J.F. Pedraza, J. High Energy Phys. 04 (2019) 071, http://dx.doi.org/10.1007/JHEP04(2019)071, arXiv:1811.11724.
[390] M. Ammon, S. Grieninger, J. Hernandez, M. Kaminski, R. Koirala, J. Leiber, J. Wu, J. High Energy Phys. 04 (2021) 078, http://dx.doi.org/10.1007/

JHEP04(2021)078, arXiv:2012.09183.
[391] J. Madsen, Phys. Rev. D 47 (1993) 325–330, http://dx.doi.org/10.1103/PhysRevD.47.325.
[392] M.G. Alford, K. Schwenzer, Phys. Rev. Lett. 113 (25) (2014) 251102, http://dx.doi.org/10.1103/PhysRevLett.113.251102, arXiv:1310.3524.
[393] H.A. Buchdahl, Phys. Rev. 116 (1959) 1027, http://dx.doi.org/10.1103/PhysRev.116.1027.
[394] K. Yagi, N. Yunes, Phys. Rev. D 91 (10) (2015) 103003, http://dx.doi.org/10.1103/PhysRevD.91.103003, arXiv:1502.04131.
[395] K. Yagi, N. Yunes, Classical Quantum Gravity 33 (9) (2016) 095005, http://dx.doi.org/10.1088/0264-9381/33/9/095005, arXiv:1601.02171.
[396] S.H. Alexander, K. Yagi, N. Yunes, Classical Quantum Gravity 36 (1) (2019) 015010, http://dx.doi.org/10.1088/1361-6382/aaf14b, arXiv:

1810.01313.
[397] D. Mateos, D. Trancanelli, Phys. Rev. Lett. 107 (2011) 101601, http://dx.doi.org/10.1103/PhysRevLett.107.101601, arXiv:1105.3472.
[398] D. Mateos, D. Trancanelli, J. High Energy Phys. 07 (2011) 054, http://dx.doi.org/10.1007/JHEP07(2011)054, arXiv:1106.1637.
[399] J.-i. Koga, K. Maeda, K. Tomoda, Phys. Rev. D89 (10) (2014) 104024, http://dx.doi.org/10.1103/PhysRevD.89.104024, arXiv:1401.6501.
[400] S. Jain, N. Kundu, K. Sen, A. Sinha, S.P. Trivedi, J. High Energy Phys. 01 (2015) 005, http://dx.doi.org/10.1007/JHEP01(2015)005, arXiv:1406.4874.
[401] E. Banks, J.P. Gauntlett, J. High Energy Phys. 09 (2015) 126, http://dx.doi.org/10.1007/JHEP09(2015)126, arXiv:1506.07176.
[402] D. Roychowdhury, Phys. Lett. B759 (2016) 410–416, http://dx.doi.org/10.1016/j.physletb.2016.06.008, arXiv:1509.05229.
[403] D. Roychowdhury, J. High Energy Phys. 01 (2016) 105, http://dx.doi.org/10.1007/JHEP01(2016)105, arXiv:1511.06842.
[404] V. Jahnke, A.S. Misobuchi, Eur. Phys. J. C76 (6) (2016) 309, http://dx.doi.org/10.1140/epjc/s10052-016-4153-2, arXiv:1510.03774.
[405] E. Banks, J. High Energy Phys. 07 (2016) 085, http://dx.doi.org/10.1007/JHEP07(2016)085, arXiv:1604.03552.
[406] D. Ávila, D. Fernández, L. Patiño, D. Trancanelli, J. High Energy Phys. 11 (2016) 132, http://dx.doi.org/10.1007/JHEP11(2016)132, arXiv:

1609.02167.
[407] A. Donos, J.P. Gauntlett, O. Sosa-Rodriguez, J. High Energy Phys. 11 (2016) 002, http://dx.doi.org/10.1007/JHEP11(2016)002, arXiv:1608.02970.
[408] D. Giataganas, U. Gürsoy, J.F. Pedraza, Phys. Rev. Lett. 121 (12) (2018) 121601, http://dx.doi.org/10.1103/PhysRevLett.121.121601, arXiv:

1708.05691.
[409] G. Itsios, N. Jokela, J. Järvelä, A.V. Ramallo, Nuclear Phys. B940 (2019) 264–291, http://dx.doi.org/10.1016/j.nuclphysb.2019.01.018, arXiv:

1808.07035.
[410] I. Aref’eva, K. Rannu, J. High Energy Phys. 05 (2018) 206, http://dx.doi.org/10.1007/JHEP05(2018)206, arXiv:1802.05652.
[411] P. Liu, C. Niu, J.-P. Wu, Phys. Lett. B796 (2019) 155–161, http://dx.doi.org/10.1016/j.physletb.2019.07.035, arXiv:1905.06808.
[412] G.A. Inkof, J.M.C. Küppers, J.M. Link, B. Goutéraux, J. Schmalian, J. High Energy Phys. 11 (2020) 088, http://dx.doi.org/10.1007/JHEP11(2020)088,

arXiv:1907.05744.
[413] T. Albash, V.G. Filev, C.V. Johnson, A. Kundu, J. High Energy Phys. 07 (2008) 080, http://dx.doi.org/10.1088/1126-6708/2008/07/080, arXiv:

0709.1547.
[414] T. Albash, V.G. Filev, C.V. Johnson, A. Kundu, J. High Energy Phys. 08 (2008) 092, http://dx.doi.org/10.1088/1126-6708/2008/08/092, arXiv:

0709.1554.
[415] U. Gürsoy, I. Iatrakis, M. Järvinen, G. Nijs, J. High Energy Phys. 03 (2017) 053, http://dx.doi.org/10.1007/JHEP03(2017)053, arXiv:1611.06339.
[416] U. Gürsoy, M. Järvinen, G. Nijs, J.F. Pedraza, J. High Energy Phys. 03 (2021) 180, http://dx.doi.org/10.1007/JHEP03(2021)180, arXiv:2011.09474.
[417] A. Ballon-Bayona, J.P. Shock, D. Zoakos, J. High Energy Phys. 10 (2020) 193, http://dx.doi.org/10.1007/JHEP10(2020)193, arXiv:2005.00500.
[418] N. Evans, K.-Y. Kim, J.P. Shock, J.P. Shock, J. High Energy Phys. 09 (2011) 021, http://dx.doi.org/10.1007/JHEP09(2011)021, arXiv:1107.5053.
[419] D.E. Kharzeev, H.-U. Yee, Phys. Rev. D84 (2011) 125011, http://dx.doi.org/10.1103/PhysRevD.84.125011, arXiv:1109.0533.
[420] A. Donos, J.P. Gauntlett, C. Pantelidou, Classical Quantum Gravity 29 (2012) 194006, http://dx.doi.org/10.1088/0264-9381/29/19/194006,

arXiv:1112.4195.
[421] I. Aref’eva, K. Rannu, P. Slepov, Phys. Lett. B 792 (2019) 470–475, http://dx.doi.org/10.1016/j.physletb.2019.04.012, arXiv:1808.05596.
[422] H. Bohra, D. Dudal, A. Hajilou, S. Mahapatra, Phys. Lett. B 801 (2020) 135184, http://dx.doi.org/10.1016/j.physletb.2019.135184, arXiv:

1907.01852.
[423] H. Bohra, D. Dudal, A. Hajilou, S. Mahapatra, Phys. Rev. D 103 (8) (2021) 086021, http://dx.doi.org/10.1103/PhysRevD.103.086021, arXiv:

2010.04578.
[424] I.Y. Aref’eva, K. Rannu, P. Slepov, J. High Energy Phys. 07 (2021) 161, http://dx.doi.org/10.1007/JHEP07(2021)161, arXiv:2011.07023.
[425] S.S. Gubser, S.S. Pufu, J. High Energy Phys. 11 (2008) 033, http://dx.doi.org/10.1088/1126-6708/2008/11/033, arXiv:0805.2960.
[426] M. Ammon, J. Erdmenger, M. Kaminski, P. Kerner, Phys. Lett. B680 (2009) 516–520, http://dx.doi.org/10.1016/j.physletb.2009.09.029, arXiv:

0810.2316.
[427] P. Basu, J. He, A. Mukherjee, H.-H. Shieh, J. High Energy Phys. 11 (2009) 070, http://dx.doi.org/10.1088/1126-6708/2009/11/070, arXiv:

0810.3970.
[428] N. Iizuka, S. Kachru, N. Kundu, P. Narayan, N. Sircar, S.P. Trivedi, J. High Energy Phys. 07 (2012) 193, http://dx.doi.org/10.1007/JHEP07(2012)193,

arXiv:1201.4861.
[429] A. Donos, J.P. Gauntlett, Phys. Rev. Lett. 108 (2012) 211601, http://dx.doi.org/10.1103/PhysRevLett.108.211601, arXiv:1203.0533.
[430] N. Iizuka, K. Maeda, J. High Energy Phys. 07 (2012) 129, http://dx.doi.org/10.1007/JHEP07(2012)129, arXiv:1204.3008.
[431] C. Hoyos, N. Jokela, J.M. Penín, A.V. Ramallo, J. High Energy Phys. 04 (2020) 062, http://dx.doi.org/10.1007/JHEP04(2020)062, arXiv:2001.08218.
[432] M.G. Alford, J.A. Bowers, K. Rajagopal, Phys. Rev. D63 (2001) 074016, http://dx.doi.org/10.1103/PhysRevD.63.074016, arXiv:hep-ph/0008208.
[433] K. Rajagopal, R. Sharma, Phys. Rev. D74 (2006) 094019, http://dx.doi.org/10.1103/PhysRevD.74.094019, arXiv:hep-ph/0605316.
[434] M. Mannarelli, K. Rajagopal, R. Sharma, Phys. Rev. D73 (2006) 114012, http://dx.doi.org/10.1103/PhysRevD.73.114012, arXiv:hep-ph/0603076.
[435] D. Bailin, A. Love, Phys. Rep. 107 (1984) 325, http://dx.doi.org/10.1016/0370-1573(84)90145-5.
[436] A.I. Larkin, Y.N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47 (1964) 1136–1146.
[437] P. Fulde, R.A. Ferrell, Phys. Rev. 135 (1964) A550–A563, http://dx.doi.org/10.1103/PhysRev.135.A550.
[438] S.K. Domokos, J.A. Harvey, Phys. Rev. Lett. 99 (2007) 141602, http://dx.doi.org/10.1103/PhysRevLett.99.141602, arXiv:0704.1604.
[439] S. Nakamura, H. Ooguri, C.-S. Park, Phys. Rev. D81 (2010) 044018, http://dx.doi.org/10.1103/PhysRevD.81.044018, arXiv:0911.0679.
[440] H. Ooguri, C.-S. Park, Phys. Rev. D82 (2010) 126001, http://dx.doi.org/10.1103/PhysRevD.82.126001, arXiv:1007.3737.
[441] H. Ooguri, C.-S. Park, Phys. Rev. Lett. 106 (2011) 061601, http://dx.doi.org/10.1103/PhysRevLett.106.061601, arXiv:1011.4144.
41

http://dx.doi.org/10.1007/JHEP05(2010)015
http://arxiv.org/abs/1002.2447
http://dx.doi.org/10.1016/j.physletb.2011.03.004
http://arxiv.org/abs/1003.2694
http://dx.doi.org/10.1007/JHEP05(2010)083
http://arxiv.org/abs/1003.1302
http://dx.doi.org/10.1007/JHEP10(2010)005
http://arxiv.org/abs/1007.1985
http://dx.doi.org/10.1007/JHEP10(2011)084
http://arxiv.org/abs/1106.4030
http://dx.doi.org/10.1007/JHEP09(2012)039
http://arxiv.org/abs/1207.1047
http://dx.doi.org/10.1007/978-3-642-37305-3_22
http://arxiv.org/abs/1207.5953
http://arxiv.org/abs/1207.5953
http://arxiv.org/abs/1207.5953
http://dx.doi.org/10.1007/JHEP04(2019)071
http://arxiv.org/abs/1811.11724
http://dx.doi.org/10.1007/JHEP04(2021)078
http://dx.doi.org/10.1007/JHEP04(2021)078
http://dx.doi.org/10.1007/JHEP04(2021)078
http://arxiv.org/abs/2012.09183
http://dx.doi.org/10.1103/PhysRevD.47.325
http://dx.doi.org/10.1103/PhysRevLett.113.251102
http://arxiv.org/abs/1310.3524
http://dx.doi.org/10.1103/PhysRev.116.1027
http://dx.doi.org/10.1103/PhysRevD.91.103003
http://arxiv.org/abs/1502.04131
http://dx.doi.org/10.1088/0264-9381/33/9/095005
http://arxiv.org/abs/1601.02171
http://dx.doi.org/10.1088/1361-6382/aaf14b
http://arxiv.org/abs/1810.01313
http://arxiv.org/abs/1810.01313
http://arxiv.org/abs/1810.01313
http://dx.doi.org/10.1103/PhysRevLett.107.101601
http://arxiv.org/abs/1105.3472
http://dx.doi.org/10.1007/JHEP07(2011)054
http://arxiv.org/abs/1106.1637
http://dx.doi.org/10.1103/PhysRevD.89.104024
http://arxiv.org/abs/1401.6501
http://dx.doi.org/10.1007/JHEP01(2015)005
http://arxiv.org/abs/1406.4874
http://dx.doi.org/10.1007/JHEP09(2015)126
http://arxiv.org/abs/1506.07176
http://dx.doi.org/10.1016/j.physletb.2016.06.008
http://arxiv.org/abs/1509.05229
http://dx.doi.org/10.1007/JHEP01(2016)105
http://arxiv.org/abs/1511.06842
http://dx.doi.org/10.1140/epjc/s10052-016-4153-2
http://arxiv.org/abs/1510.03774
http://dx.doi.org/10.1007/JHEP07(2016)085
http://arxiv.org/abs/1604.03552
http://dx.doi.org/10.1007/JHEP11(2016)132
http://arxiv.org/abs/1609.02167
http://arxiv.org/abs/1609.02167
http://arxiv.org/abs/1609.02167
http://dx.doi.org/10.1007/JHEP11(2016)002
http://arxiv.org/abs/1608.02970
http://dx.doi.org/10.1103/PhysRevLett.121.121601
http://arxiv.org/abs/1708.05691
http://arxiv.org/abs/1708.05691
http://arxiv.org/abs/1708.05691
http://dx.doi.org/10.1016/j.nuclphysb.2019.01.018
http://arxiv.org/abs/1808.07035
http://arxiv.org/abs/1808.07035
http://arxiv.org/abs/1808.07035
http://dx.doi.org/10.1007/JHEP05(2018)206
http://arxiv.org/abs/1802.05652
http://dx.doi.org/10.1016/j.physletb.2019.07.035
http://arxiv.org/abs/1905.06808
http://dx.doi.org/10.1007/JHEP11(2020)088
http://arxiv.org/abs/1907.05744
http://dx.doi.org/10.1088/1126-6708/2008/07/080
http://arxiv.org/abs/0709.1547
http://arxiv.org/abs/0709.1547
http://arxiv.org/abs/0709.1547
http://dx.doi.org/10.1088/1126-6708/2008/08/092
http://arxiv.org/abs/0709.1554
http://arxiv.org/abs/0709.1554
http://arxiv.org/abs/0709.1554
http://dx.doi.org/10.1007/JHEP03(2017)053
http://arxiv.org/abs/1611.06339
http://dx.doi.org/10.1007/JHEP03(2021)180
http://arxiv.org/abs/2011.09474
http://dx.doi.org/10.1007/JHEP10(2020)193
http://arxiv.org/abs/2005.00500
http://dx.doi.org/10.1007/JHEP09(2011)021
http://arxiv.org/abs/1107.5053
http://dx.doi.org/10.1103/PhysRevD.84.125011
http://arxiv.org/abs/1109.0533
http://dx.doi.org/10.1088/0264-9381/29/19/194006
http://arxiv.org/abs/1112.4195
http://dx.doi.org/10.1016/j.physletb.2019.04.012
http://arxiv.org/abs/1808.05596
http://dx.doi.org/10.1016/j.physletb.2019.135184
http://arxiv.org/abs/1907.01852
http://arxiv.org/abs/1907.01852
http://arxiv.org/abs/1907.01852
http://dx.doi.org/10.1103/PhysRevD.103.086021
http://arxiv.org/abs/2010.04578
http://arxiv.org/abs/2010.04578
http://arxiv.org/abs/2010.04578
http://dx.doi.org/10.1007/JHEP07(2021)161
http://arxiv.org/abs/2011.07023
http://dx.doi.org/10.1088/1126-6708/2008/11/033
http://arxiv.org/abs/0805.2960
http://dx.doi.org/10.1016/j.physletb.2009.09.029
http://arxiv.org/abs/0810.2316
http://arxiv.org/abs/0810.2316
http://arxiv.org/abs/0810.2316
http://dx.doi.org/10.1088/1126-6708/2009/11/070
http://arxiv.org/abs/0810.3970
http://arxiv.org/abs/0810.3970
http://arxiv.org/abs/0810.3970
http://dx.doi.org/10.1007/JHEP07(2012)193
http://arxiv.org/abs/1201.4861
http://dx.doi.org/10.1103/PhysRevLett.108.211601
http://arxiv.org/abs/1203.0533
http://dx.doi.org/10.1007/JHEP07(2012)129
http://arxiv.org/abs/1204.3008
http://dx.doi.org/10.1007/JHEP04(2020)062
http://arxiv.org/abs/2001.08218
http://dx.doi.org/10.1103/PhysRevD.63.074016
http://arxiv.org/abs/hep-ph/0008208
http://dx.doi.org/10.1103/PhysRevD.74.094019
http://arxiv.org/abs/hep-ph/0605316
http://dx.doi.org/10.1103/PhysRevD.73.114012
http://arxiv.org/abs/hep-ph/0603076
http://dx.doi.org/10.1016/0370-1573(84)90145-5
http://refhub.elsevier.com/S0146-6410(22)00033-3/sb436
http://dx.doi.org/10.1103/PhysRev.135.A550
http://dx.doi.org/10.1103/PhysRevLett.99.141602
http://arxiv.org/abs/0704.1604
http://dx.doi.org/10.1103/PhysRevD.81.044018
http://arxiv.org/abs/0911.0679
http://dx.doi.org/10.1103/PhysRevD.82.126001
http://arxiv.org/abs/1007.3737
http://dx.doi.org/10.1103/PhysRevLett.106.061601
http://arxiv.org/abs/1011.4144


C. Hoyos, N. Jokela and A. Vuorinen Progress in Particle and Nuclear Physics 126 (2022) 103972
[442] C.A.B. Bayona, K. Peeters, M. Zamaklar, J. High Energy Phys. 06 (2011) 092, http://dx.doi.org/10.1007/JHEP06(2011)092, arXiv:1104.2291.
[443] O. Bergman, N. Jokela, G. Lifschytz, M. Lippert, J. High Energy Phys. 10 (2011) 034, http://dx.doi.org/10.1007/JHEP10(2011)034, arXiv:1106.3883.
[444] N. Jokela, G. Lifschytz, M. Lippert, J. High Energy Phys. 05 (2012) 105, http://dx.doi.org/10.1007/JHEP05(2012)105, arXiv:1204.3914.
[445] A. Ballon-Bayona, K. Peeters, M. Zamaklar, J. High Energy Phys. 11 (2012) 164, http://dx.doi.org/10.1007/JHEP11(2012)164, arXiv:1209.1953.
[446] A. Donos, J.P. Gauntlett, Phys. Rev. D 86 (2012) 064010, http://dx.doi.org/10.1103/PhysRevD.86.064010, arXiv:1204.1734.
[447] Y.-Y. Bu, J. Erdmenger, J.P. Shock, M. Strydom, J. High Energy Phys. 03 (2013) 165, http://dx.doi.org/10.1007/JHEP03(2013)165, arXiv:1210.6669.
[448] N. Jokela, M. Järvinen, M. Lippert, J. High Energy Phys. 02 (2013) 007, http://dx.doi.org/10.1007/JHEP02(2013)007, arXiv:1211.1381.
[449] M. Rozali, D. Smyth, E. Sorkin, J.B. Stang, Phys. Rev. Lett. 110 (20) (2013) 201603, http://dx.doi.org/10.1103/PhysRevLett.110.201603, arXiv:

1211.5600.
[450] B. Withers, Classical Quantum Gravity 30 (2013) 155025, http://dx.doi.org/10.1088/0264-9381/30/15/155025, arXiv:1304.0129.
[451] B. Withers, The moduli space of striped black branes, 2013, arXiv:1304.2011.
[452] M. Rozali, D. Smyth, E. Sorkin, J.B. Stang, Phys. Rev. D87 (12) (2013) 126007, http://dx.doi.org/10.1103/PhysRevD.87.126007, arXiv:1304.3130.
[453] A. Donos, J.P. Gauntlett, Phys. Rev. D 87 (12) (2013) 126008, http://dx.doi.org/10.1103/PhysRevD.87.126008, arXiv:1303.4398.
[454] Y. Ling, C. Niu, J. Wu, Z. Xian, H.-b. Zhang, Phys. Rev. Lett. 113 (2014) 091602, http://dx.doi.org/10.1103/PhysRevLett.113.091602, arXiv:

1404.0777.
[455] N. Jokela, M. Järvinen, M. Lippert, J. High Energy Phys. 12 (2014) 083, http://dx.doi.org/10.1007/JHEP12(2014)083, arXiv:1408.1397.
[456] N. Jokela, M. Järvinen, M. Lippert, Phys. Rev. D95 (8) (2017) 086006, http://dx.doi.org/10.1103/PhysRevD.95.086006, arXiv:1612.07323.
[457] M. Ammon, J. Leiber, R.P. Macedo, J. High Energy Phys. 03 (2016) 164, http://dx.doi.org/10.1007/JHEP03(2016)164, arXiv:1601.02125.
[458] A. Amoretti, D. Areán, R. Argurio, D. Musso, L.A. Pando Zayas, J. High Energy Phys. 05 (2017) 051, http://dx.doi.org/10.1007/JHEP05(2017)051,

arXiv:1611.09344.
[459] S. Cremonini, L. Li, J. Ren, J. High Energy Phys. 08 (2017) 081, http://dx.doi.org/10.1007/JHEP08(2017)081, arXiv:1705.05390.
[460] N. Jokela, G. Lifschytz, M. Lippert, Phys. Rev. D96 (4) (2017) 046016, http://dx.doi.org/10.1103/PhysRevD.96.046016, arXiv:1706.05006.
[461] Y. Liu, F. Pena-Benitez, J. High Energy Phys. 05 (2017) 111, http://dx.doi.org/10.1007/JHEP05(2017)111, arXiv:1612.00470.
[462] S. Cremonini, A. Hoover, L. Li, J. High Energy Phys. 10 (2017) 133, http://dx.doi.org/10.1007/JHEP10(2017)133, arXiv:1707.01505.
[463] N. Jokela, M. Järvinen, M. Lippert, Phys. Rev. D96 (10) (2017) 106017, http://dx.doi.org/10.1103/PhysRevD.96.106017, arXiv:1708.07837.
[464] M. Ammon, M. Kaminski, R. Koirala, J. Leiber, J. Wu, J. High Energy Phys. 04 (2017) 067, http://dx.doi.org/10.1007/JHEP04(2017)067,

arXiv:1701.05565.
[465] A. Amoretti, D. Areán, B. Goutéraux, D. Musso, Phys. Rev. D97 (8) (2018) 086017, http://dx.doi.org/10.1103/PhysRevD.97.086017, arXiv:

1711.06610.
[466] A. Amoretti, D. Areán, B. Goutéraux, D. Musso, Phys. Rev. Lett. 120 (17) (2018) 171603, http://dx.doi.org/10.1103/PhysRevLett.120.171603,

arXiv:1712.07994.
[467] W.-J. Li, J.-P. Wu, Eur. Phys. J. C79 (3) (2019) 243, http://dx.doi.org/10.1140/epjc/s10052-019-6761-0, arXiv:1808.03142.
[468] A. Ohnishi, N. Yamamoto, Magnetars and the chiral plasma instabilities, 2014, arXiv:1402.4760.
[469] M. Kaminski, C.F. Uhlemann, M. Bleicher, J. Schaffner-Bielich, Phys. Lett. B 760 (2016) 170–174, http://dx.doi.org/10.1016/j.physletb.2016.06.054,

arXiv:1410.3833.
[470] M. Dvornikov, V.B. Semikoz, Phys. Rev. D 91 (6) (2015) 061301, http://dx.doi.org/10.1103/PhysRevD.91.061301, arXiv:1410.6676.
[471] M. Dvornikov, V.B. Semikoz, J. Cosmol. Astropart. Phys. 05 (2015) 032, http://dx.doi.org/10.1088/1475-7516/2015/05/032, arXiv:1503.04162.
[472] G. Sigl, N. Leite, J. Cosmol. Astropart. Phys. 01 (2016) 025, http://dx.doi.org/10.1088/1475-7516/2016/01/025, arXiv:1507.04983.
[473] N. Yamamoto, Phys. Rev. D 93 (6) (2016) 065017, http://dx.doi.org/10.1103/PhysRevD.93.065017, arXiv:1511.00933.
[474] F.R. Ares, O. Henriksson, M. Hindmarsh, C. Hoyos, N. Jokela, Phys. Rev. D 105 (6) (2022) 066020, http://dx.doi.org/10.1103/PhysRevD.105.066020,

arXiv:2109.13784.
42

http://dx.doi.org/10.1007/JHEP06(2011)092
http://arxiv.org/abs/1104.2291
http://dx.doi.org/10.1007/JHEP10(2011)034
http://arxiv.org/abs/1106.3883
http://dx.doi.org/10.1007/JHEP05(2012)105
http://arxiv.org/abs/1204.3914
http://dx.doi.org/10.1007/JHEP11(2012)164
http://arxiv.org/abs/1209.1953
http://dx.doi.org/10.1103/PhysRevD.86.064010
http://arxiv.org/abs/1204.1734
http://dx.doi.org/10.1007/JHEP03(2013)165
http://arxiv.org/abs/1210.6669
http://dx.doi.org/10.1007/JHEP02(2013)007
http://arxiv.org/abs/1211.1381
http://dx.doi.org/10.1103/PhysRevLett.110.201603
http://arxiv.org/abs/1211.5600
http://arxiv.org/abs/1211.5600
http://arxiv.org/abs/1211.5600
http://dx.doi.org/10.1088/0264-9381/30/15/155025
http://arxiv.org/abs/1304.0129
http://arxiv.org/abs/1304.2011
http://dx.doi.org/10.1103/PhysRevD.87.126007
http://arxiv.org/abs/1304.3130
http://dx.doi.org/10.1103/PhysRevD.87.126008
http://arxiv.org/abs/1303.4398
http://dx.doi.org/10.1103/PhysRevLett.113.091602
http://arxiv.org/abs/1404.0777
http://arxiv.org/abs/1404.0777
http://arxiv.org/abs/1404.0777
http://dx.doi.org/10.1007/JHEP12(2014)083
http://arxiv.org/abs/1408.1397
http://dx.doi.org/10.1103/PhysRevD.95.086006
http://arxiv.org/abs/1612.07323
http://dx.doi.org/10.1007/JHEP03(2016)164
http://arxiv.org/abs/1601.02125
http://dx.doi.org/10.1007/JHEP05(2017)051
http://arxiv.org/abs/1611.09344
http://dx.doi.org/10.1007/JHEP08(2017)081
http://arxiv.org/abs/1705.05390
http://dx.doi.org/10.1103/PhysRevD.96.046016
http://arxiv.org/abs/1706.05006
http://dx.doi.org/10.1007/JHEP05(2017)111
http://arxiv.org/abs/1612.00470
http://dx.doi.org/10.1007/JHEP10(2017)133
http://arxiv.org/abs/1707.01505
http://dx.doi.org/10.1103/PhysRevD.96.106017
http://arxiv.org/abs/1708.07837
http://dx.doi.org/10.1007/JHEP04(2017)067
http://arxiv.org/abs/1701.05565
http://dx.doi.org/10.1103/PhysRevD.97.086017
http://arxiv.org/abs/1711.06610
http://arxiv.org/abs/1711.06610
http://arxiv.org/abs/1711.06610
http://dx.doi.org/10.1103/PhysRevLett.120.171603
http://arxiv.org/abs/1712.07994
http://dx.doi.org/10.1140/epjc/s10052-019-6761-0
http://arxiv.org/abs/1808.03142
http://arxiv.org/abs/1402.4760
http://dx.doi.org/10.1016/j.physletb.2016.06.054
http://arxiv.org/abs/1410.3833
http://dx.doi.org/10.1103/PhysRevD.91.061301
http://arxiv.org/abs/1410.6676
http://dx.doi.org/10.1088/1475-7516/2015/05/032
http://arxiv.org/abs/1503.04162
http://dx.doi.org/10.1088/1475-7516/2016/01/025
http://arxiv.org/abs/1507.04983
http://dx.doi.org/10.1103/PhysRevD.93.065017
http://arxiv.org/abs/1511.00933
http://dx.doi.org/10.1103/PhysRevD.105.066020
http://arxiv.org/abs/2109.13784

	Holographic approach to compact stars and their binary mergers
	Introduction
	Theoretical and observational bounds for neutron-star matter
	Neutron-star matter: theory results
	Neutron-star observations
	Equation of state: combining theory with observations

	Holographic description of dense strongly interacting matter
	Ingredients of dense holography
	Overview of different models for dense quark matter
	Holographic models for nuclear matter

	Building compact stars with a holographic equation of state
	Proof of concept
	Lessons from the deconfined phase
	Building a realistic neutron star

	Transport in compact stars
	Relevant transport properties and perturbative estimates
	Transport coefficients in holographic models
	Applications of holographic transport results to compact stars

	Binary mergers of compact objects
	Tidal deformability
	Merger simulations

	Open questions and future directions
	Declaration of competing interest
	Acknowledgments
	References


