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Abstract. The gauge/gravity duality, combined with information from lattice QCD,
nuclear theory, and perturbative QCD, can be used to constrain the equation of state
of hot and dense QCD. I discuss an approach based on the holographic V-QCD model.
I start by reviewing the results from the construction of the V-QCD baryon as a soliton
of the gauge fields in the model. Then I discuss implementing nuclear matter in the
model by using a homogeneous approach. The model predicts a strongly first order
phase transition from nuclear to quark matter with a critical endpoint. By using the
model in state-of-the-art simulations of neutron star binaries with parameters consistent
with GW170817, I study the formation of quark matter during the merger process.
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1 Introduction and motivation

Exploring QCD at finite density and temperature is challenging both theoretically and ex-
perimentally [1]. Producing hot QCD plasma in the laboratory is complicated due to the
high characteristic temperature of QCD, 1 GeV ≈ 1013 K, but can be achieved in high
energy heavy-ion collisions. However, the density of the produced plasma is typically low
compared to the density of nuclear matter. There are ongoing efforts to obtain results also
at higher densities: the beam energy scan at RHIC is already probing the region where the
critical end point of the nuclear to quark matter transition is expected to lie, and future
experiments such as FAIR and NICA will push the results to higher densities, even above
the nuclear saturation density of ns ≈ 0.15 fm−3.

Theoretical analysis of hot and dense QCD is likewise challenging and the used ap-
proaches have limitations. Various first-principles methods cover different parts of the phase
diagram of QCD at finite temperature and density as depicted in Fig. 1.

• Lattice methods [2] (green region) only work at low densities due to the sign prob-
lem [3].

• Perturbative QCD analysis (red region) is reliable at asymptotically high densities and
temperatures [4, 5].

• At low densities and temperatures, the relevant degrees of freedom in QCD are the
hadrons, which can be described in terms of various effective theory methods, such as
chiral perturbation theory and mean field theory approximations (see, e.g., [6, 7, 8]).

In the white region of intermediate densities, however, no reliable first-principles methods
are available. This region is of considerable interest: It includes the conjectured phase
transition from hadronic to quark matter phase. Also, matter in the centers of neutron
stars as well as in the dense regions of neutron star mergers is known to lie in this region.
Therefore theoretical progress at these intermediate densities is urgently needed.

The fact that neutron star densities lie in the white region of Fig. 1 also means that
observations of neutron stars and neutron star mergers can be used to constrain QCD in
this region (see, e.g. [9]). Neutron stars, from the QCD point of view, are blobs of cold and
dense QCD matter at rest: to first approximation effects of finite temperature, rotation,
and magnetic fields can be neglected. The structure of an isolated star is determined by the
Tolman-Oppenheimer-Volkoff (TOV) equations, which map the equation of state (EOS) of
QCD to the mass-radius relation of neutron stars. Therefore, measurements of masses and
radii of neutron stars can in principle be converted to measurements of the EOS. Current
measurements of neutron star masses have however large uncertainties, and the results for
the radii are even less certain. Due to these uncertainties, the measurements currently only
give limited information on the EOS. The main constraint is coming from the Shapiro delay
measurements of the most massive known stars (e.g. J0348+0432 and J0740+6620 [10,
11, 12]): the EOS must be such that it supports masses of at least twice the solar mass,
Mmax ≳ 2M⊙. But in future, improved estimates of masses and radii of neutron stars (e.g.
from the NICER experiment) are expected to give significantly stronger constraints for the
EOS.

Apart from measurements of isolated neutron stars, the observations of neutron star
mergers give complementary information on the structure of neutron stars. Currently,
by far the best available data is from the “multi-messenger” measurements of the event
GW170817 [14, 15]. These measurements give information, among other things, on the tidal
deformability parameter Λ, which measures how strongly neutron stars deform in the strong
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Figure 1: A sketch of the QCD phase diagram at finite temperature and density. The green,
blue, and red regions show roughly where lattice analysis, various effective field theory
methods, and perturbative QCD can be trusted, respectively. Figure adapted from [13].

gravitational field. The observation of the gravitational waves during the inspiral phase of
the merger sets the bound Λ ≲ 580 (assuming the same EOSs for both neutron star con-
stituents) at 90% confidence level [16]. This translates roughly an upper bound of about
13.5 km for the radius of neutron stars having the mass ≈ 1.4 M⊙.

In the absence of reliable theoretical estimates at intermediate densities, one can use
model independent interpolations to study how these neutron star measurements constrain
the QCD EOS [4, 17, 18, 19]. That is, one considers all possible EOSs which agree with
theoretical computations from chiral perturbation theory at low densities, perturbative QCD
at high densities, are physically reasonable, and agree with the observations within their
uncertainties. Such interpolated EOSs have been used to study the effect of the above limits
on Mmax and Λ [17, 18] and also the effect of other measurements [20, 21, 22]. After taking
into account all the constraints, a sizable uncertainty in the EOS still remains, even at zero
temperature. Going to finite temperature, in the region relevant for neutron star mergers,
uncertainties will grow.

A new approach which could reduce such uncertainties is to use gauge/gravity duality
as a guideline. Indeed, several attempts in this direction have been carried out recently
by using various models, such as D3-D7 [23, 24, 25], Witten-Sakai-Sugimoto [26, 27, 28],
Einstein-Maxwell [29, 30, 31] and hard wall [32] models. See also the reviews [13, 33]. Here
I will focus on results obtained by using the V-QCD model [34].

2 V-QCD and quark matter

V-QCD is a bottom-up holographic model for QCD which aims at precise modeling of the
properties of QCD both by using inspiration from string theory and by fitting QCD data [34]
(see the review [13] for more details). In the name of the model, the letter V refers to the
Veneziano limit [35]:,

Nc , Nf → ∞ with x ≡ Nf

Nc
fixed, (1)

where Nc is the number of colors and Nf is the number of flavors, which are in the fundamen-
tal representation of the gauge group. When fitting to data however Nf and Nc will be set
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to their physical values (2 or 3), which helps to capture the 1/N corrections to observables
such as the EOS.

The model is composed of two building blocks:

1. Improved Holographic QCD (IHQCD), a string-inspired model for the Yang-Mills the-
ory, defined through an adjusted five-dimensional Einstein-dilaton gravity [36, 37].

2. A method for introducing flavors and chiral symmetry breaking via a tachyonic brane
setup [38, 39].

The dictionary contains various fields, but the most important degrees of freedom are the
two scalars:

• The dilaton λ = eϕ, which arises from the IHQCD sector, and is dual to the trF 2

operator in QCD. The source is therefore the ’t Hooft coupling, which explains the
notation: near the boundary, the source term dominates and the bulk field λ can be
identified with the ’t Hooft coupling.

• The tachyon τ , which arises from the flavor sector, is dual to the quark bilinear op-
erator ψ̄ψ. The source of the field is therefore the quark mass. The condensation of
the tachyon in the bulk implies chiral symmetry breaking of the field theory at the
boundary.

The action, including only terms needed for the computation of the phase diagram and the
EOS, is given by

SV−QCD = SIHQCD + SDBI = N2
cM

3

∫
d5x

√
−det g

[
R− 4

3

(∂λ)2

λ2
+ Vg(λ)

]
(2)

−NfNcM
3

∫
d5xVf0(λ)e

−τ2√−det(gab+κ(λ)∂aτ∂bτ+w(λ)Fab) (3)

where the first term is the action for the glue sector of the model, i.e., closed strings, and
matches with the basic version of the action of IHQCD. Here M is the five-dimensional
Planck mass, and the dilaton potential Vg needs to be determined by comparing to data
as I will discuss below. The second term is the action for the flavor sector: a generalized
tachyonic Dirac-Born-Infeld action, motivated by a brane setup with a space filling pair of
D4 branes. We also included an Abelian gauge-field appearing through the field strength
Fab. In the Veneziano limit (and also for physical values of Nf and Nc) the flavor sector is
fully backreacted to the glue, as both actions are O(N2). Due to the backreaction, there is
no string theory derivation of the DBI action. Therefore we have generalized the action by
including three potential functions depending on the dilaton: Vf0, κ, and w, which need to
be fixed to finalize the definition of the model.

The thermodynamics (assuming zero quark mass for simplicity) is determined by using
the standard gauge/gravity dictionary, analyzing possible regular homogeneous (in space-
time coordinates) saddle-points of the action [40, 41, 42]. Two phases appear, one phase
given by a horizonless “thermal gas” geometry with condensed tachyon, and the other phase
given by a black hole geometry with vanishing tachyon. The thermal gas phase is essentially
empty space, and thermodynamics is trivial. The condensation of the tachyon is driven by
the exponential term in the DBI action (3). The thermodynamics of the black hole phase is
determined through black hole thermodynamics: the entropy density is given by the area of
the black hole, and temperature is the surface gravity. Moreover, baryon number chemical
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Figure 2: The phase diagram of V-QCD for potentials 7a and including homogeneous nuclear
matter. From [46].

potential is turned on as the boundary value of the temporal component of the gauge field:
µ = Ât|bdry.

In order to fully determine the model the functions Vg, Vf0, κ, and w need to be fixed.
The asymptotic behavior of these functions at small and large values of the dilaton field is
largely determined by qualitative arguments. That is, requiring that the model has asymp-
totic freedom, discrete spectrum, linear confinement, reasonable phase diagram at finite
density, qualitatively correct hadron spectrum at finite quark mass, and regular solutions
at finite θ-angle fixes these asymptotics up to a few parameters [36, 37, 34, 43, 44, 45, 46].
The remaining degrees of freedom are then pinned down by comparing to lattice data for
thermodynamics at low densities [47, 48] or by comparing to hadron spectra [49] or by doing
both simultaneously [50]. The Planck mass M and overall energy scale of the model are
likewise fitted to data. This completes the description of quark gluon plasma and quark
matter in the model.

After this analysis, most of the phase structure shown in Fig. 2 can be drawn. Here
the green and the red phases are the thermal and black hole phases, respectively. They
are separated by a first order Hawking-Page transition. The blue phase will be discussed
in Sec. 4. The precise potentials used for this plot are the set 7a given in [48, 46], which
were fitted to lattice data for the thermodynamics of pure Yang-Mills at large Nc [51] and
QCD with 2+1 flavors from [52, 53]. Interestingly, also the EOS extrapolated to zero T and
finite µ is consistent with constraints from perturbation theory in the regime of intermediate
densities [48].

3 Baryons in V-QCD

The first step towards implementing nuclear matter is to construct a holographic dual for a
single baryon. Baryons are special objects at large N and therefore in holographic models.
Indeed, their masses are proportional to Nc [54], and in large Nc effective theory they can
be described as topological solitons of pion fields, Skyrmions [55]. In the original AdS/CFT
setup proposed by Maldacena, baryons are obtained by wrapping a D5 brane around the
internal S5 of the AdS5 × S5 [56]. This D-brane acts as a “baryon vertex”, a source for Nc

fundamental strings that represent the quarks.

In a top-down setup with flavor branes, the strings sourced by the vertex end on these
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branes. The best studied example is the Witten-Sakai-Sugimoto (WSS) D4-D8-D8 setup,
where the baryon vertex is obtained by wrapping a D4 brane around the internal S4 space [57,
58, 59]. The strings pull the vertex on the flavor brane, where the dissolved D4 brane is
implemented as a soliton of the flavored, non-Abelian gauge fields. Such as soliton can be
shown to be dual to a skyrmion-like soliton at the boundary, and becomes similar to the
Belavin-Polyakov-Schwartz-Tyupkin (BPST) soliton of Yang-Mills theory [60] in the limit of
strong coupling. The soliton is time-independent, and localized in spatial and holographic
directions.

In bottom-up models, the natural way to implement baryons is therefore to consider
solitons of non-Abelian gauge fields. Indeed, soliton solutions have been found numerically
in hard wall models [61, 62, 63, 64, 65]. The solutions in these models however have some
shortcomings:

• In the WSS model, the size of the soliton is suppressed by a factor 1/
√
λ in the limit of

strong coupling, which is required for the supergravity description to be reliable. Also,
the interplay of the soliton with the chiral symmetry breaking is difficult to study.

• In the hard wall models, the solitons are centered at the IR cutoff (the “hard wall”)
and their properties depend on the IR setting in an ad-hoc manner.

These issues can be at least mostly fixed in the V-QCD setup. In V-QCD at zero quark mass,
there is essentially only one energy scale, as one also expects to be the case in QCD, and
this scale will determine the baryon size. The interplay of the baryon with chiral symmetry
breaking is explicit due to the coupling of the tachyon field and the soliton. Moreover, the
soliton is centered at a location in the bulk which is determined by dynamics rather than
set by hand.

An essential ingredient in the description of the baryon is the Chern-Simons (CS) term
of the flavor branes. In bottom-up setups the baryon normally contains both left and right
handed non-Abelian gauge fields AL/R, which are dual to left and right handed currents
ψ̄γµτa(1± γ5)ψ and will appear in the CS term. Schematically, the term takes the form

SCS ∝ Nc

∫
dtÂt ∧ tr [FL ∧ FL − FR ∧ FR] . (4)

Therefore, the instanton number density of the soliton, described by the F ∧F factors, gives
rise to a baryon number, i.e., the charge corresponding to the Abelian field Ât.

We did not include the CS term in (2) and (3) because it does not contribute to the
phase diagram or the EOS when only quark matter is included. The method we are using
to implement the flavors, i.e., the tachyonic space filling branes, has been solved using an
approximation scheme in [39] in flat-space boundary string field theory approach, and has
quite complicated form. However for a general bottom-up approach it is desirable to derive
an expression that is only constrained by symmetry, and contains the full flavored tachyon
field T ij (dual to ψ̄iψj where i, j are the flavor indices). We derived such a general form
in [66], assuming that the tachyon has the form T ij = τU ij where τ is real and U is unitary.
The result is an integral over a five-form Ω5, which decomposes into three terms:

Ω5(τ, U,AL, AR) = Ω0
5 +Ωc

5 + dG4 . (5)

This expression is constrained among other things by the requirement that its gauge trans-
formation is a boundary term, and matches with the flavor anomalies of QCD in the same
way as the flat-space expression found in [39]. This means in particular that the differential
of the gauge transformation vanishes, dδΩ5 = 0, which is the most important condition
when solving for Ω5. This condition is reflected in the properties of the three terms in (5):
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Figure 3: Left: The instanton number density of the V-QCD baryon as a function of the
holographic coordinate r and the distance from the center of the baryon ξ. Right: The
modification of the chiral condensate inside the baryon. Both figures from [50].

• Ω0
5 is the most general gauge-invariant five form that also has the expected signatures

under parity and charge conjugation, so δΩ0
5 = 0. It is given as a sum of four terms

which are individually gauge invariant:

Ω0
5 =

4∑
i

fi(τ)Ω
0
i (U,AL, AR) (6)

where functions fi are otherwise arbitrary but their values at τ = 0 are known and
they should vanish at τ → ∞.

• The “pure gauge” term Ωc
5 is closed but not exact:

Ωc
5 = Tr(U†dU)5 . (7)

• The boundary term dG4 is complicated but completely fixed by the flavor anomalies.

As the result is a sum of closed and gauge-invariant terms, indeed trivially dδΩ5 = 0.
Interestingly, the closed expression Ωc

5+dG4 matches with the gauged effective Wess-Zumino
Lagrangian for QCD discussed in [67, 68, 69].

After finding the CS term, the setup for the baryon solution is almost complete. It turns
out that perhaps surprisingly (at least at zero quark mass) the baryon number is completely
fixed by the dG4 boundary term and receives no contributions from the gauge-invariant
term. The functions fi(τ) however do affect the shape of the soliton, and we choose to use
the flat-space expressions [39] for them.

As I pointed out above, the precise definition of the V-QCD model requires determining
several potentials, typically by fitting lattice or experimental data. Such fits were carried out
in [48], by mostly using lattice data for thermodynamics, or in [49], by using a large amount
of experimental data for mesons masses, including highly exited states (see also [70, 71] which
did a similar analysis for the Yang-Mills theory). In order to obtain a reasonable background
for the baryon solution, we carried out a new fit where the predictions of the model were
compared to both lattice thermodynamics and key observables of hadrons, including masses
of lowest lying mesons and the pion decay constant [50].

In order to solve the soliton we write an ansatz which respects the expected symmetries of
the solution and choose an appropriate gauge, following the setup in hard wall models [61, 62,
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64, 65]. Also the boundary conditions need to be figured out, which is somewhat nontrivial
as the baryon is a topological soliton: information on the winding of the soliton is carried by
the tail configuration of the gauge fields and the phase of the tachyon, which vanish slowly
far away from the center of the soliton [66]. We restricted to solutions only depending on
the holographic coordinate and a single spatial coordinate, i.e., the distance from the baryon
center. The resulting nonlinear partial differential equations could then be solved by using
a relaxation method [50].

The result for the bulk instanton density ρNi
is shown in Fig. 3 (left) as a function of the

holographic coordinate r and the spatial radial coordinate ξ. All quantities are given in units
of the classical soliton mass M0. As expected, the center of the soliton, where the highest
densities are found, is located at a finite value of the holographic coordinate, r ≈ 2/M0.
The interpretation is that the soft wall, created by the geometry, and most importantly the
tachyon field in the IR, stops the baryon from falling to the bottom of the space.

We also solved to leading order in 1/Nf the backreaction of the soliton solution to the
tachyon [50]. From this one can solve how the chiral condensate is modified due to the
presence of the baryon. The result is shown in Fig. 3 (right) as a function of the distance
from the soliton center. Chiral symmetry is partially restored inside the baryon, which is
the expected behavior.

Spin V-QCD mass Experimental mass
s = 1

2 MN ≃ 1170MeV MN = 940MeV
s = 3

2 M∆ ≃ 1260MeV M∆ = 1234MeV

Table 1: The masses of the nucleons and ∆ baryons in the model compared to experimental
data.

We also considered the slow rotation of the soliton, from which one can compute the
moment of inertia of the baryon and consequently the mass of the ∆ baryons [72, 73]. This
requires solving a set of linear partial equations, The results for the masses of the nucleons
and the ∆ baryons are given in Table 1.

4 Holographic nuclear matter

I now move to the discussion of nuclear matter, i.e., a dense phase of QCD matter formed
(mostly) out of tightly packed nucleons. To describe such a phase using holography, one
should in principle consider a highly inhomogeneous soliton crystal, constructed by putting
together a large number of solitons such as those discussed in Sec. 3. This is highly technical,
and one encounters an additional difficulty: at large Nc the infinitely heavy baryons indeed
form a crystal, whereas for Nc = 3 nuclear matter is expected to be a superfluid Fermi
liquid [74]. While some developments studying such crystal exists in the literature [75, 76,
77, 78, 79, 80], due to the aforementioned issues, no full fledged three or four dimensional
soliton crystal solution has been found in holographic models. It has also been proposed
that the instantons break into a lattice of half-instantons above a critical density (see [81,
82, 83, 84, 76, 85, 86]). Possibly related transitions have been studied in the WSS model
in [87, 26, 88].

In the rest of the article we will bypass the issues listed above by using a simple ap-
proximation scheme, where nuclear matter is modeled through a homogeneous field in the
bulk [89, 90, 87, 91, 32, 88, 92]. This scheme also assumes Nf = 2, but it can be easily
generalized to describe a two-flavor subsector embedded into a higher dimensional flavor
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Figure 4: Sketch of the regions of the phase diagram at finite temperature and density which
are described by using different methods in the “hybrid” approach. From [93].

space. In the case of V-QCD, the homogeneous Ansatz is written as

Ai
L = −Ai

R = h(r)σi (8)

where σi are the Pauli matrices. It therefore involves the spatial components of the non-
Abelian gauge fields with fixed parity. This approach however has an additional issue:
for smooth h(r), the baryon number of the solution is always zero. This can be fixed by
introducing a discontinuity in the bulk [89]. Such a discontinuity can also be motivated by
smearing solitons (in singular Landau gauge), i.e., integrating over their spatial locations [13].
After this, thermodynamics of the nuclear matter phase can be analyzed by following the
standard holographic dictionary. For V-QCD, the phase structure is shown in Fig. 2 where
the nuclear matter phase (at low temperature and intermediate density) is shown in blue
color [46].

Interestingly, the EOS in the nuclear matter in this approach is stiff: the speed of sound
is relatively high, satisfying c2s > 1/3 in the high density end of the nuclear matter phase.
This is important as it makes it easier to construct models that pass the astrophysics bounds
from neutron star observations that I discussed above.

5 “Hybrid” Equations of State

The V-QCD EOS, which follows from the model as constructed above, has some obvious
shortcomings:

• The homogeneous nuclear matter approach is only expected to work at high densities.
At low densities, treatment based on individual nucleons should be more appropriate.

• The temperature dependence of thermodynamics in the thermal gas and nuclear matter
phases is trivial: all thermodynamic quantities only depend on the chemical potential.

In order to cure the former issue in holography, one should consider many instanton
solutions, but as I pointed out above, this is highly challenging. Another option would be to
simply use the homogeneous phase as such, and at low densities, consider a mixed phase of
vacuum and homogeneous holographic nuclear matter [94, 28], which actually leads to rather
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realistic low density EOS. We have however chosen yet another approach: at low densities,
it is not necessary to use holography at all, because the EOS is known to a good precision
from “traditional” nuclear theory methods, such as chiral effective theory. Therefore we will
simply use effective theory at low density and V-QCD at high density, which gives rise to a
“hybrid” EOS [95, 96, 93].

The latter issue arises because of the implicit use of large Nc: the temperature depen-
dence would arise from string loop contributions that are suppressed by power of 1/Nc.
Including such corrections on the bulk side would also be highly challenging. At low densi-
ties we can cure the issue by using similar idea as for the density dependence: simply use
effective theory. At higher densities in the nuclear matter phase, the issue is however more
severe as there are no known reliable methods to estimate the temperature dependence.
In the absence of such methods, we will use a simple estimate based on a van-der-Waals
EOS [93]. The goal of this construction is to produce a model that passes known theoretical
and observational constraints, and is general enough to be used in state-of-the-art neutron
start binary merger simulations.

As a result, the most developed hybrid V-QCD finite temperature EOS [93] has the
structure depicted in Fig. 4. Apart from V-QCD (red regions) the building blocks include
the following:

• At low densities in the nuclear matter phase, we use the Hempel-Schaffner-Bielich
(HS) model [97] with DD2 interactions [98]. This model is based on a statistical model
below the nuclear saturation density, and mean field theory above it. We also add the
pressure of free gas of mesons from the particle data group listings [99], including all
states with masses up to 1 GeV.

• For the temperature dependence in the dense nuclear matter phase we use a van der
Waals model, i.e., a gas of protons, neutrons and electrons with excluded volume
correction for the nucleons and mean field potential between them (see, e.g., [100, 101,
102]). The potential is tuned in such a way that the model exactly reproduces the V-
QCD nuclear matter EOS at zero temperature. Therefore it provides an extrapolation
of the V-QCD results to higher temperature in the nuclear matter phase.

• Near the saturation density, we use the Akmal-Pandharipande-Ravenhall model [103]
at zero temperature. This is because both the V-QCD and HS(DD2) EOSs are rather
stiff, and combining them directly would lead to families of models that would have
trouble with passing the tidal deformability constraint from GW170817.

A state-of-the-art EOS also needs to be able to describe matter out of β-equilibrium as such
nonequilibrium conditions are known to develop in mergers. In practice, this means that
dependence on electron fraction Ye is needed. For the strongly coupled sector this maps
due to charge neutrality to the proton fraction, i.e., the number of protons over the baryon
number. As it turns out, the dependence on Ye predicted by the van der Waals model is not
realistic enough: the symmetry energy [104] is smaller than seen in experiments. Therefore
we use the HS(DD2) model for the Ye dependence in the nuclear matter phase.

We choose three representative EOSs (soft, intermediate, stiff) which reflect the param-
eter dependence of the V-QCD model that is left unfixed by the comparison to lattice data.
These EOSs are publicly available in the CompOSE database [105, 106]. They are in agree-
ment with all known theoretical and observational constraints. In particular, they agree with
the available measurements of masses and radii of neutron star within their margins of error,
including the recent results from the NICER experiment for the radius of the massive pulsar
J0740+6620 [107, 108]. However, the comparison works a bit better for the intermediate
and stiff models than the soft model [96, 109, 110, 93].
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An important feature of these EOSs is a strong first order phase transition from cold nu-
clear matter to quark matter, which is almost completely (apart from the weak temperature
dependence in the nuclear matter phase) described by the V-QCD model. Because of the
strong transition, the model predicts that isolated neutron stars do not have quark matter
cores [48, 95, 96]. At higher temperatures, however, the transition becomes weaker. After
the inclusion of the pressure of meson gas, a clear critical point can be identified. At the
critical point we find that

110 MeV ≲ Tc ≲ 130 MeV , 480 MeV ≲ µbc ≲ 580 MeV , (9)

where the uncertainties arise from varying the model between the three different versions
(soft, intermediate, and stiff). The location of the critical point is close to what is obtained
in simpler holographic models that are also fitted to lattice data [111, 112, 113, 114, 115].

6 Application to neutron star mergers

Gravitational wave signals from the collision of two neutron star were recently observed by
the LIGO/Virgo collaboration. By far the cleanest event so far is the first event, GW170817,
for which the electromagnetic counterpart was also observed at essentially all possible wave-
lengths [116, 15].

The merger events are expected to fall into three main categories (see, e.g., [117]).

1. If the neutron stars have high masses, the system collapses into a black hole promptly
after the merger. In this case, the gravitational wave signal contains an inspiral phase
and a rapid ringdown.

2. At intermediate total mass, a short-lived hypermassive neutron star is formed, with the
mass well above the maximum for a nonrotating star. Initially the star is differentially
rotating, but as the differential rotation declines, the remnant collapses into a black
hole within one second of the merger or so. In this case, the gravitational wave
signal has a potentially interesting additional phase after the merger, driven by the
oscillations of the hypermassive remnant, which has higher typical frequencies than
the inspiral phase.

3. At lower masses, the neutron star remnant does not collapse at least at short timescales,
i.e. within seconds. A collapse at longer timescales as the star cools down and rotation
slows, is still possible. In this case, the gravitational wave signal contains an inspiral
phase and after merger oscillation phase, but no signal of collapse.

We studied neutron star mergers by using the hybrid V-QCD EOSs [93] in [118]. Simu-
lating neutron star mergers requires solving the evolution of 3+1 dimensional general rela-
tivity coupled to hydrodynamics. This is a numerically challenging problem which requires
supercomputing. We used Frankfurt University/Kadath (FUKA) spectral code for initial
data [119] and Frankfurt/Illinois (FIL) code for binary evolution [120], both implemented in
the Einstein toolkit framework. Simulations were carried out as a part of the project “BNS-
MIC” on HAWK supercomputer at the High-Performance Computing Center Stuttgart.

As the hybrid V-QCD EOSs are one of the few examples of state-of-the-art models
which include controlled predictions for the nuclear to quark matter phase transition, we
focused on details of quark matter production for mergers with total mass determined by
the GW170817 event (see also [121, 122, 123]). Analysis of the electromagnetic signal from
this event suggests that a hypermassive neutron star was formed which collapsed into a
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Figure 5: Snapshots of the state of the hypermassive neutron star formed in a binary
neutron star collision in the equatorial plane at three different stages after the merger in
different columns. The top, middle, and bottom rows show the density, temperature, and
quark fraction, respectively. The additional contours show the regions where quark matter
is formed. From [118].
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black hole about one second after the merger. I show snapshots from a simulation using
the soft hybrid EOS in Fig. 5. In this figure, the top, middle, and bottom rows show the
density, temperature, and quark fraction in the equatorial plane, respectively. The first,
second, and third columns show the state of the hypermassive neutron star at 1.4, 3.3, and
5.6 milliseconds after the merger, respectively. These snapshots were chosen so that they
present three different stages of quark matter production: hot, warm, and cold quarks. The
characteristics of these stages are the following:

• Hot quarks are produced in the early evolution after the merger, as the heating of the
QCD matter takes it above the transition line while densities remain relatively low.
Hot quarks typically appear in the hottest regions of the simulation, as is the case in
the left column of Fig. 5.

• Warm quarks are the result of complicated oscillating dynamics and appear in regions
that are neither hottest nor densest in the remnant.

• Cold quarks appear in the center of the star where the density is at its highest at late
stages. The formed quark matter has essentially zero temperature, apparently due to
the large latent heat required to transform from nuclear to quark matter (see the right
column in Fig. 5). Formation of cold quark matter eventually leads to a collapse to a
black hole as there are no stable stars with quark matter codes in the models we are
using as the quark matter EOS is rather soft (low speed of sound).

The phase transition is also visible in the gravitational wave analysis. The simulations
where the quark matter component is removed from the EOS by hand typically show much
longer lifetimes for the remnant before collapse to the black hole, or no collapse at all.
Moreover, for the soft EOS, we find that the lifetime of the remnant ∼ 10 ms is much smaller
than the estimate [124] that the collapse for GW170817 took place about one second after
the merger. This observation disfavors the soft variant of the EOS.

7 Conclusion

I reviewed the V-QCD model, focusing on topics related to baryons, nuclear matter, and
applications to neutron star physics.

I started with a discussion of the single baryon solution in the V-QCD model [66, 50],
i.e., a new soliton solution for the gauge fields in the holographic dual. This solution had
various desired features that were in part missing in earlier solutions found in the hard wall
and WSS models: the location of the center of the soliton was dynamically determined in a
consistent model of the IR physics, and the coupling of the soliton to the chiral symmetry
breaking was included. The masses of the nucleons and the ∆-baryons agree well with
experiments, and that the chiral condensate is partially restored inside the baryon.

I also discussed the phase diagram and the EOS. I demonstrated that the V-QCD EOS is
realistic enough in order to construct, in combination with other models (in our case mostly
the HS(DD2) nuclear theory model), a state-of-the-art model for neutron star EOS which
is in agreement with known theoretical and observational constraints. This was possible
thanks to a few main successes in the model:

• A precise fit to lattice data was possible [48], leading to a realistic extrapolation of the
quark matter EOS to high densities.
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• By using the homogeneous model for nuclear matter, it was possible to describe both
nuclear and quark matter in a single framework. In particular, the properties of the
phase transition could be predicted [46, 96, 93].

• The EOS in the nuclear matter was seen to be stiff, with the values of the speed of sound
easily exceeding the conformal value c2s = 1/3 [46]. This helped in the construction of
feasible EOSs, because observational constraints (high values of some of the reliably
measured neutron star masses) favor stiff EOSs [95, 48, 96, 110].

By using V-QCD in combination with the HS(DD2) model and a van der Waals model,
it was possible to derive EOSs which included both realistic temperature dependence and
dependence on the electron fraction [93]. After this, the EOSs could be directly used in
state-of-the-art neutron star simulations [118]. As the EOSs contain both nuclear and quark
matter in a single framework, it was natural to focus on the phase transition and the pro-
duction of quark matter in the merger. We identified three different stages of quark matter
production: initially “hot quarks” in the hottest regions of the remnant, thereafter “warm
quarks” due to violent oscillations of the remnant, and eventually “cold quarks” in the cold
and dense core of the formed hypermassive neutron star.

There are various ongoing and planned future projects which aim at improving the EOS
and extending the analysis of these holographic models towards new directions. These
include the following:

• Extensions of the EOS. I am planning to improve the V-QCD EOS by adding proper
implementations of quark flavors, including the effects due to the strange quark mass
and improved analysis of the flavor-asymmetric configurations, i.e., symmetry energy.
Some of these aspects have already been studied in the WSS and hard wall models [125,
91, 126, 92]. Another direction would be to study the dependence on the magnetic
field [127, 128] with properly defined, flavor dependent electric current. Moreover, I
am planning to include a model for a paired, color superconducting phase which will
modify the results at high densities.

• Transport. Analysis of viscosities and conductivities in the V-QCD quark matter
phase already appeared in [129, 130]. A very recent article studied neutrino transport
in strongly coupled holographic plasma using a simple holographic model [131]. Future
work will extend the analysis to the bulk viscosity due to weak interactions coupled
to QCD matter, and to neutrino transport in the full V-QCD model.

• Domain walls. Even if there are no stable quark matter cores, domain walls between
the nuclear and quark matter phases appear in hypermassive neutron stars formed
in mergers. Ongoing work will solve domain walls between the vacuum and nuclear
matter phase, but this work can be extended to the walls between nuclear and quark
matter. From these solutions, one can extract, among other things, the surface tension
of the domain wall.
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