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Abstract We perform special-relativistic one-dimensional
hydrodynamic simulations to study the combustion of
hadronic matter into quark matter in neutron star conditions.
For the equation of state, we use a relativistic mean-field
Walecka model for hadronic matter and the MIT bag model
for quark matter. We study the growth of a small core of
quark matter surrounded by hadronic matter at constant den-
sity, where both regions are initially at rest. We show that
a strong detonation front propagates into hadronic matter
converting it into quark matter. We find that the timescale
for the conversion of a compact star is around tens of
microseconds.

Keywords Neutron star · Hydrodynamics

1 Introduction

Observational evidence is not conclusive about the internal
composition of compact stars. All measured stellar prop-
erties such as masses, radii, cooling properties, pulsar fre-
quencies, etc. are compatible at present with a pure hadronic
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composition, but also with models that allow the presence
of deconfined quark matter (hybrid or strange quark stars)
[1]. In fact, the core of compact stars can reach densities
that are several times larger than the saturation density of
nuclear matter. In such extreme conditions strongly inter-
acting matter may undergo a phase transition from confined
hadronic matter to quark matter. The formation of quark
matter in a compact star is expected to begin with the nucle-
ation of small deconfined drops inside the stellar core when
the density of hadronic matter goes beyond a critical density
[2–10, 13]. Such critical density can be reached if a cold
hadronic star gains mass due to accretion in a binary system.
Another possibility is related to the loss of rotational energy
due to the emission of gravitational waves which leads to
a contraction of the star. It is also possible that a protoneu-
tron star at the center of a supernova explosion gains large
amounts of matter due to fallback accretion. If the explosion
energy is not large enough, the inner part of the progenitor
star falls back onto the central remnant and only the outer
part of the star overcomes the gravitational potential. Other
possible mechanisms are the merging of compact objects,
and strangelet contamination if quark matter is absolutely
stable.

According to recent studies [2–10, 13], the quark matter
deconfinement occurs in two steps. First, hadrons com-
posing nuclear matter deconfine in a strong interaction
time scale of ∼ 10−23 seconds to quark matter, leaving a
quark gas which is not in equilibrium under weak interac-
tions. Later, weak interactions will chemically equilibrate
the system in a time scale of ∼ 10−8 s. As a result of
these weak decays, temperature is significantly increased,
and a great amount of neutrinos is produced. The energy
released in such conversion can ignite hadronic matter in
the neighborhood of the drop, and as a consequence, it
may grow and convert to quark matter the core of the star
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and even the whole star if quark matter is absolutely stable.
During the conversion, a combustion front (flame) separat-
ing the unburnt hadronic matter from the burnt quark matter
travels outwards along the star [15–25].

The front of the flame propagates with a velocity of the
order of c/

√
3, where c is the speed of light [17]. At the

flame front, there is a region of thickness lstrong = τstrong ×
c/

√
3 = 10−23s × c/

√
3 ∼ 1fm where hadronic matter

deconfines. Behind it, there is a region of thickness lweak =
τweak × c/

√
3 = 10−8s × c/

√
3 ∼ 1m where quark mat-

ter reaches chemical equilibrium through weak interactions.
This order of magnitude estimates shows that the flame is
very thin compared with the size of the star (∼ 10 km). For
this reason, it is a good approximation to treat the flame as a
mere surface of discontinuity between the burnt and unburnt
fluids.

The objective of our work is to study the hydrodynamic
propagation of the flame by means of one-dimensional
relativistic hydrodynamic simulations employing realistic
equations of state (EOS) for both the hadronic and the quark
matter phase. More specifically, we want to determine the
propagation speed of the combustion and the time it would
take a hadronic star to be converted into a hybrid or a strange
star.

2 Relativistic Hydrodynamic Equations and
Numerical Method

For studying the propagation of the combustion process
of hadronic matter into quark matter inside neutron stars,
we consider the relativistic one-dimensional time-dependent
Euler equations within the frame of special relativity. In
such a case, the compressible Euler equations form a system
of three equations [26, 27],

(uαρ),α = 0,

T αβ
,α = 0 with β = 0, 1, (1)

where “, α” denotes partial differentiation with respect to
the coordinate xα , and T αβ is the stress energy tensor for a
perfect fluid

T αβ = ρhuαuβ + pηαβ. (2)

Here, uα are the components of the 2-velocity, ρ is the
proper mass density, p is the pressure, e is the specific inter-
nal energy, h = 1 + e + p/ρ is the total specific enthalpy,
and ηαβ is the Minkowski metric tensor. For convenience,
we use units where the speed of light is c = 1.

The special relativistic Euler equations can be written as
a system of conservation laws [28]:

Ut + F(U)x = 0, (3)

where in the laboratory frame the state vector U contains the
conserved variables (D, S, τ ) written in terms of primitive
variables (ρ, v, p)

U =
⎡
⎣

D

S

τ

⎤
⎦ =

⎡
⎣

γlρ

ρhγ 2
l v

ρhγ 2
l − p − γlρ

⎤
⎦ , (4)

and the flux vector F is given by

F =
⎡
⎣

Dv

Sv + p

S − Dv

⎤
⎦ , (5)

with γl = (1 − v2)−1/2 being the Lorentz factor. The
elements of the flux matrix are the mass flux Dv, the
momentum flux plus pressure force Sv + p, and the energy
flux plus pressure work τv + pv = S − Dv. Note that
the flux vector must be expressed in terms of the conserved
variables of the state vector. Additionally, an equation of
state relating the thermodynamic variables is needed to
close the system, which we assume to be given in the form
e = e(p, ρ).

The conservation laws presented above can be numer-
ically solved through several methods. In the present
work, we shall employ a High-Resolution Shock-Capturing
scheme which is recognized as a very efficient scheme
for dealing with complex flows specially when discontinu-
ities are present (see, e.g., Ref. [1] for more details). These
methods use the equations in conservative form together
with approximate or exact Riemann solvers to calculate the
numerical fluxes between neighboring computational cells.
This fact guarantees the capture of all discontinuities (e.g.,
shock waves) which naturally appear in spatial solutions of
the nonlinear hyperbolic equations and allows high accuracy
in regions where the fluid flow is smooth. These schemes
depend on the spectral decomposition of the Jacobian matrix
∂F/∂U which has a complete set of linearly independent
eigenvectors (characteristic fields) Ki , and corresponding
eigenvalues (characteristic velocities) such that[

∂F
∂U

]
Ki = λiKi , i = 1, 2, 3. (6)

In the one dimensional case, the eigenvalues and eigenvec-
tors are given by [30–32]

λ1 = vx − cs

1 − vxcs

, λ2 = vx, λ3 = vx + cs

1 + vxcs

, (7)

K1 = [1, hγl℘1λ1, hγl℘1 − 1]T ,

K2 = [ �

hγl

, v, 1 − �

hγl

]T ,

K3 = [1, hγl℘3λ3, hγl℘3 − 1]T ,

(8)

where

� ≡ κ̃

κ̃ − c2
s

, κ̃ = 1

ρ

∂p

∂e
, ℘1,3 ≡ 1 − v2

1 − vλ1,3
. (9)
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The relativistic speed of sound in the fluid cs is given by
[32]

c2
s = | ∂p

∂E
|S = 1

h
|∂p
∂ρ

|e + p

hρ2
|∂p
∂e

|ρ, (10)

where S is the entropy per particle and E = ρ + ρe is the
total rest energy density.

Our numerical code is based on the Godunov method
[33] and the numerical fluxes are obtained using the well-
known Riemann solver of Roe [34, 35]

fi+1/2 = 1

2
(fr + fl) − 1

2

3∑
k=1

K̃k|λ̃k|ω̃k, (11)

which has the advantage that can be straightforwardly
implemented for an arbitrary EOS. The numerical fluxes
fl and fr are computed using respectively the primitive
variables to the left and right of the i + 1

2 interface. The
eigenvalues and eigenvectors λ̃i and r̃i that appear in (11)
are obtained by (7) and (8) using the following weighted
quantities:

ρ̃ = √
ρlρr , (12)

ṽ =
√

ρlvl + √
ρrvr√

ρl + √
ρr

, (13)

h̃ =
√

ρlhl + √
ρrhr√

ρl + √
ρr

. (14)

The quantities {ω̃k} represent the jumps of the characteris-
tic variables across each characteristic field and are obtained
from the inversion of:

U = Ur − Ul =
3∑

k=1

ω̃kK̃k. (15)

To solve equations numerically, the system is discretized
in space intervals x and time steps t of variable size;
thus,

Un+1
i = Un

i + t

x
[fi−1/2 − fi+1/2], (16)

where the intercell numerical flux is given by (11). The
stability of the scheme requires that the solutions to the
Riemann problems at the cell edges do not interact dur-
ing the time step t . This is satisfied by imposing the
Courant-Friedrichs and Lewy (CFL) condition [35] t ≤
Ccf lx/Sn

max , where Ccf l is the Courant number satisfying
0 < Ccf l ≤ 1 and Sn

max is the largest wave speed present
throughout the domain at time level n. In this work, we con-
sider Ccf l = 0.9 and Sn

max = max[(u + c)/(1 + uc), (u −
c)/(1 − uc)] to calculate the maximum wave velocity.

3 Equations of State

The true EOS that describes the interior of compact stars is
still uncertain at very high densities, due to our inability to
test matter experimentally beyond twice the nuclear density
and the severe computational difficulties that arise when try-
ing to solve the equations of QCD in the non-perturbative
regime. In view of this, many different phenomenologi-
cal EOSs have been proposed that satisfy the currently
available observational constraints. In this work, we use a
relativistic mean-field (Walecka) model for hadronic mat-
ter and the MIT bag model for quark matter, both of which
are widely used to describe hadronic matter in compact
stars.

3.1 The Walecka Model

For the hadronic phase, we use a nonlinear Walecka model
[36–39] including the whole baryon octet, electrons, and
the corresponding antiparticles. The Lagrangian is given
by

L = LB + LM + LL, (17)

where the indices B, M , and L refer to baryons,
mesons, and leptons, respectively. For the baryons, we
have

LB =
∑
B

ψ̄B

[
γ μ

(
i∂μ − gωB ωμ − gρB �τ · �ρμ

)

− (mB − gσB σ)] ψB, (18)

with B extending over nucleons n, p and the following
hyperons �, �+, �0, �−, �−, and �0. The contribution of
the mesons σ , ω, and ρ is given by

LM = 1

2
(∂μσ ∂μσ − m2

σ σ 2) − b

3
mN (gσ σ)3 − c

4
(gσ σ )4

−1

4
ωμν ωμν + 1

2
m2

ω ωμ ωμ − 1

4
�ρμν · �ρμν

+1

2
m2

ρ �ρμ · �ρμ, (19)

and the coupling constants are

gσB = xσBgσ , gωB = xωBgω, gρB = xρBgρ. (20)

Electrons are included as a free Fermi gas, LL =∑
l ψ̄l (i/∂ − ml)ψl , in chemical equilibrium with all other

particles.
The constants in the model are determined by the prop-

erties of nuclear matter and hyperon potential depths known
from hypernuclear experiments. In the present work, we use
the GM1 parametrization for which we have (gσ /mσ )2 =
11.79 fm−2, (gω/mω)2 = 7.149 fm−2, (gρ/mρ)2 = 4.411
fm−2, b = 0.002947 and c = 0.001070 [39]. For the
hyperon coupling constants, we adopt xσi = xρi = 0.6 and
xωi = 0.653 [39]. For details on the explicit form of the
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equation of state derived from this Lagrangian, the reader is
referred to Ref. [10].

Notice that the maximum mass configuration of non-
rotating stars for the here-used hadronic EOS is below two
solar masses and therefore conflicts with the discovery of
the pulsars PSR J1614-2230 with M = (1.97 ± 0.04)M�
[40] and PSR J0348-0432 with M = (2.01 ± 0.04)M�
[41]. In future work, we will improve this using more real-
istic parametrizations. However, as we discuss below, the
employed parametrization has not major effects within the
present hydrodynamic model.

3.2 The MIT bag Model

We describe the quark phase as a non-interacting charge-
neutral gas composed by massless u, d, and s quarks
and their antiparticles. Notice that, since strange quarks
are considered to be massless, no leptons are necessary
to achieve electric charge neutrality. Under such assump-
tions, all quarks can be described by only one chemi-
cal potential and the EOS within the MIT bag model
reads:

P = 19

36
π2T 4 + 3

2
T 2μ2 + 3

4π2
μ4 − B,

E = 19

12
π2T 4 + 9

2
T 2μ2 + 9

4π2
μ4 + B,

nB = T 2μ + 1

π2
μ3, (21)

where P is the pressure, E the total energy density and
nB the baryon number density (see Ref. [13] and refer-
ences therein). Since the quark’s masses and the strong
coupling constant were set to zero, the only parameter in
this model is the bag constant B. According to the above

equations, the pressure is related to the energy density
through

P = 1

3
(E − 4B). (22)

Using a finite s-quark mass would be more realistic,
but in this case an analytic expression for the equation of
state is no longer possible for finite temperatures. The EOS
would involve Fermi integrals that are computationally time
costly in a hydrodynamic code. However, as we discuss
below, the use of massless quarks is not a bad approxima-
tion within our hydrodynamic model because the decon-
finement density is not very sensitive to the strangeness
fraction.

Stars containing quark phases can be hybrid stars (where
quark matter is restricted to the core) or strange stars (made
up completely by quark matter), depending on whether the
energy per baryon of quark matter in equilibrium under
weak interactions is less than the neutron mass at zero pres-
sure and zero temperature. If the energy per baryon of quark
matter at P = T = 0 is less than the neutron mass, the true
and absolute ground state of strongly interacting matter is a
deconfined state of quark matter consisting of an approxi-
mately equal proportion of up, down, and strange quarks. In
such a case, quark matter is said to be absolutely stable and
it is referred to as strange matter. In fact, Farhi and Jaffe
[42] found that quark matter in bulk can be absolutely stable
if the bag constant falls in the range 57 MeV fm−3 < B <

92 MeV fm−3. In this work, we employ B = 80 MeV/fm3

corresponding to strange matter and B = 120 MeV /fm3

corresponding to quark matter that is allowed only at high
pressures.

Fig. 1 Velocity, pressure,
energy density, and temperature
profiles for different times (in
microseconds). The bag
constant is 80 MeV/fm3. The
initial pressures are P

q
in = 533

MeV/fm3 and P h
in = 20

MeV/fm3 and the initial
temperatures are Tq = 40 MeV
and Th = 8 MeV. Notice that a
detonation wave is formed
almost instantaneously due to
the large gradients in the initial
profile. The detonation wave has
a velocity of the order of ∼ 0.4c

and reaches the “surface of the
star” in approximately 53 μs
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Fig. 2 Same as Fig. 1 (i.e.,
B = 80 MeV/fm3) but for initial
pressures P

q
in = 333 MeV/fm3

and P h
in = 20 MeV/fm3. As in

the previous figure, a detonation
wave is formed almost
instantaneously which crosses
the system in ∼ 60μs

4 Numerical Simulations

4.1 Description of the Model

Boundary conditions In order to mimic the boundary
conditions in a neutron star, we have considered a one-
dimensional computational domain with a closed end (i.e.,
reflective boundary conditions) which would correspond to
the center of the star, and an open end (i.e., transmissive
boundary conditions) that would correspond to the surface
of the star. We study the hydrodynamic evolution of a small
core of quark matter surrounded by hadronic matter, where
both regions are initially at rest.

Deconfinement criterium An important aspect in the
numerical simulation is the implementation of a criterium
for the onset of the deconfinement transition.

In this work, we shall assume that hadronic matter decon-
fines if it has a pressure larger than a critical value Pcrit .
The critical pressure is determined by the Gibbs’ criterion,
i.e., equality of pressure P , temperature T , and Gibbs free
energy per baryon g in both phases [2–10, 13]: T h = T q ,
P h = P q , gh = gq . On the other hand, deconfinement
is driven by strong interactions and therefore quark fla-
vor must be conserved during the deconfinement transition
[2–10, 13]. This means that the abundances of all particle
species in just deconfined quark matter must be initially

Fig. 3 Same as Fig. 1 (i.e.,
B = 80 MeV/fm3) but for
P

q
in = 533 MeV/fm3 and

P h
in = 5 MeV/fm3. Initially, the

detonation front has a larger
velocity than in Figs. 1 and 2
due to the larger P in the
initial condition
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the same as in the hadronic matter from which it has been
originated. Thus, we have Yh

f = Y
q
f , with f = u, d , s, e,

being Yh
f ≡ nh

f /nh
B and Y

q
i ≡ n

q
f /n

q
B the abundances of

each particle species in the hadron and quark phase, respec-
tively. The calculation of the critical pressure has been done
in Ref. [15] and the corresponding values are Pcrit = 30
MeV/fm3 for B = 80 MeV/fm3 and Pcrit = 90 MeV/fm3

for B = 120 MeV/fm3. Since the critical pressure depends
on the mass of the strange quark ms , we adopted Pcrit cor-
responding to ms = 100 MeV, which gives a more realistic
value.

Notice that just deconfined matter is transitorily out
of equilibrium under weak interactions. After some time
(typically τweak ∼ 10−8 s), weak interactions drive it to a β-
stable configuration. During the process of β-equilibration,
there is an energy release that rises the temperature of
quark matter to ∼ 40 MeV [43–48]. An inclusion of these
weak decay processes in the hydrodynamic simulation is
out of the scope of the present work since it involves the
solution of the Boltzmann equation with the appropriate
decay rates for all the fluid elements within the flame.
Therefore, as a first step towards a complete hydrodynamic
simulation of the combustion process, we shall use the fol-
lowing approximate procedure: If hadronic matter achieves
the critical pressure Pcrit , the composition of that piece
of fluid is instantaneously changed to β-stable quark mat-
ter with the same pressure and the same baryon number
density.

Previous works on the hadron-quark combustion have
employed different conditions for triggering the conver-
sion in the hydrodynamic simulations. In Ref. [22], it is
assumed that deconfinement is triggered by the diffusion of
strange quarks from the burnt fluid (strange quark matter)

to the flame front. This assumption about the microphysical
mechanism of combustion process leads to slow propaga-
tion speeds for the flame front. In our work, deconfine-
ment is triggered directly by the hydrodynamic compression
of the flame front, provided that matter attains the crit-
ical pressure. Of course, both mechanisms can operate
in a realistic flame, but the one considered in our work
is dominant (if present) and leads to much faster propa-
gation speeds. On the other hand, the condition used in
Refs. [23, 25] is the requirement that combustion must
be exothermic. Such condition, already employed in Ref.
[17], is a necessary but not sufficient condition for com-
bustion. It relates the state of unburnt hadronic matter
with fully burnt quark matter behind the flame. The con-
dition used in our work relates unburnt hadronic matter
with just deconfined matter that is still out of equilibrium
under weak interactions and is a sufficient condition for the
burning to begin. Notice that the strange fraction in quark
matter is not a key ingredient in our simulations because
deconfinement is not triggered by strange quark diffusion as
in Ref. [22], but by direct hydrodynamic compression of the
fluid.

Initial conditions For simplicity, we shall begin our simu-
lations at a stage where the initial drop of deconfined quarks
has grown to form a small macroscopic stellar core. In all
cases, the size of the initial core of quark matter is consi-
dered to be 800 m, and the rest of the computational domain
(with length R = 12 km) is occupied by hadronic mat-
ter. Both regions are initially at rest. Notice that we are not
including the effect of gravity in our hydrodynamic simula-
tions, and therefore hadronic matter has been put at constant
density in order to avoid a spurious motion of the unburnt

Fig. 4 Same as Fig. 1 (i.e.
B = 80 MeV/fm3) but for
P

q
in = 333 MeV/fm3 and

P h
in = 5 MeV/fm3. A

detonation front is formed but it
decelerates significantly as it
goes through hadronic matter. In
the plot for the pressure we
notice that for t ∼ 40μs the
pressure at the flame is smaller
than the critical pressure
meaning that the flame turns-off
and propagates through hadronic
matter as a shock wave without
producing any phase conversion
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Fig. 5 Same as previous figures
but for a bag constant B = 120
MeV/fm3. The initial pressures
are P

q
in = 533 MeV/fm3 and

P h
in = 80 MeV/fm3. As in

previous figures, a detonation
wave is formed almost
instantaneously with a velocity
of the order of ∼ 0.3c. Again,
the combustion advances
through hadronic matter and it is
gradually decelerated. It reaches
the “surface of the star” in
approximately 63 μs with a
velocity of the order of ∼ 0.15c

fluid before the passage of the combustion front. As a con-
sequence, our calculations are not sensitive to the different
density variations arising from different parametrizations
of the EOS. The strangeness content of matter depends on
the parametrization but as discussed above it is not essen-
tial within the present model because deconfinement is not
triggered by strange quark diffusion as in Ref. [22].

As explained before, we employ the GM1 parametriza-
tion of the Walecka model EOS for hadronic matter and two
different parameterizations of the MIT bag model EOS for
quark matter, with B = 80 and 120 MeV/fm3. In the case
with B = 80 MeV/fm3, we adopt two different values for

the initial pressure of the quark core: P
q
in = 533 MeV/fm3

and P
q
in = 333 MeV/fm3 which correspond respectively to

∼ 13 and 9 times the nuclear saturation density. For the
hadronic phase, we adopt P h

in = 20 MeV/fm3 and P h
in = 5

MeV/fm3 which correspond respectively to ∼ 2 and 1 times
the nuclear saturation density. In the case with B = 120
MeV/fm3, we use P

q
in = 533 MeV/fm3 and P

q
in = 333

MeV/fm3 for quark matter. For the hadronic phase, we adopt
P h

in = 80 MeV/fm3 and P h
in = 50 MeV/fm3 which cor-

respond respectively to ∼ 3.3 and 2.8 times the nuclear
saturation density. In all cases, the initial temperatures are
T h = 8 MeV and T q = 40 MeV.

Fig. 6 Same as Fig. 5 (i.e.,
B = 120 MeV/fm3) but for
P

q
in = 333 MeV/fm3 and

P h
in = 80 MeV/fm3. Notice that

the flame turns-off at t ∼ 50μs.
Since the pressure behind the
flame is smaller that ahead it,
the fluid begins to move
downwards (negative velocity)
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Fig. 7 Same as Fig. 5 (i.e.,
B = 120 MeV/fm3) but for
P

q
in = 533 MeV/fm3 and

P h
in = 50 MeV/fm3

4.2 Results

In Figs. 4, 5, 6, 7, 8, we show the velocity, pressure, energy
density, and temperature profiles at different times for sev-
eral initial conditions. In Figs. 1, 2, 3, 4, the results are
shown for B = 80 MeV/fm3 and in Fig. 5–8 for B = 120
MeV/fm3. Notice that in all the simulations, a detonation
wave is formed almost instantaneously and is followed by
a rarefaction wave in coincidence with what it is known
from the literature [17, 49]. We have explored several initial
conditions (not shown here), and we have never found the
formation of a deflagration front. We find that the detona-
tion wave has an initial velocity in the range 0.20−0.55c and
in most cases it reaches the end of the computational domain

in t ∼ 50−65 μs. In some cases, the flame is strongly decel-
erated and turns off before reaching the surface of the star.
This happens when the initial pressure gradient between the
burnt and unburnt regions is not too large. The temperature
in the burnt region is ∼ 30−50 MeV, in agreement with the
previous calculations [17].

Notice that in some cases, the pressure in the burnt region
may have values below the critical pressure. As explained
before, quark matter is absolutely stable for B = 80
MeV/fm3 and therefore quark matter does not convert back
to hadronic matter even if P < Pcrit . However, for B = 120
MeV/fm3, quark matter is not absolutely stable and it should
convert back to hadronic matter if P < Pcrit . In spite of
this, we have not allowed this back conversion to happen in

Fig. 8 Same as Fig. 5 (i.e.,
B = 120 MeV/fm3) but for
P

q
in = 333 MeV/fm3 and

P h
in = 50 MeV/fm3. As in Figs.

4 and 6 the flame turns-off in
∼ 40μs
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the simulations because we expect that in a more realistic
situation gravity will compress burnt matter and maintain it
above Pcrit within the core of the neutron star.

We also find that in all simulations the combustion mode
corresponds to the so called strong detonations having a
supersonic motion with respect to the unburnt fluid and a
subsonic velocity with respect to the burnt phase immedi-
ately behind the flame (vq < csq , being csq the sound speed
of quark matter).

5 Summary and Conclusions

In this work, we studied the combustion of hadronic matter
into quark matter using a hydrodynamic 1D code to solve
numerically the special-relativistic one-dimensional Euler
equations. To describe the thermodynamic properties of
dense matter in neutron star conditions, we employed stan-
dard equations of state for both the hadronic and the quark
matter phase. In the case of quark matter, we employed
two different parameterizations of the MIT bag model EOS:
B = 80 MeV/fm3 that corresponds to the Witten’s hypoth-
esis of absolute stability of quark matter and B = 120
MeV/fm3 that corresponds to the more conservative case of
quark matter that is not absolutely stable. For simplicity, our
code does not include the effect of gravity. Thus, in order
to mimic the boundary conditions in a neutron star, we have
considered a computational domain with a closed end (i.e.,
reflective boundary conditions) which would correspond to
the center of the star, and an open end (i.e., transmissive
boundary conditions) that would correspond to the surface
of the star.

As a criterium for the onset of the deconfinement transi-
tion, we assumed that hadronic matter deconfines if it has a
pressure larger than a critical value Pcrit . The critical pres-
sure can be determined employing the flavor conservation
condition together with the standard Gibbs’ criterion, i.e.,
equality of pressure P , temperature T and Gibbs free energy
per baryon g in both, the hadronic and the just deconfined
phases. If during the simulation, a piece of hadronic matter
achieves the critical pressure, the equation of state of that
piece of fluid is instantaneously changed to quark matter.

The deconfinement transition inside a neutron star should
begin with the nucleation of a microscopic drop of quark
matter near the center of the star [2–10, 13]. For simplicity,
we began our simulations at a stage where the initial drop
has grown to a macroscopic size. In all the simulations, we
considered initially a core of quark matter at rest with a size
of 800 m and the rest of the computational domain (with
size R = 12 km) is occupied by hadronic matter at rest. The
results are not sensitive to the exact size of the central core.
In the hydrodynamic simulations, we have explored several
initial conditions for the pressure and the temperature of

both phases. In all cases, we observe that a strong detona-
tion wave is formed almost instantaneously. The flame front
develops an initial velocity in the range 0.20 − −0.55c and
crosses the whole computational domain in t ∼ 50−−65μs.
We have never found the formation of a deflagration front.
When the initial pressure gradient between the burnt and
unburnt regions is not too large, we observe that the flame
turns off before reaching the surface of the star and prop-
agates through hadronic matter as a shock wave without
producing any phase conversion. The temperature in the
burnt region is ∼ 30–50 MeV, in coincidence with previous
estimates [17].

There some recent works that have addressed the com-
bustion of hadronic matter into quark matter. In Ref. [22],
the authors numerically investigate the combustion of pure
neutron matter to strange quark matter, taking into account
binding energy release and neutrino emission across the
burning front. In their model the combustion proceeds due
to strange quark diffusion, which is a very slow mecha-
nism to propagate the conversion. As a result, they find
typical speeds of the burning process to be between 0.002
c and 0.04 c. In Refs. [23, 25] the authors present three-
dimensional non-relativistic numerical simulations of turbu-
lent combustion converting a neutron star into an absolutely
stable strange quark star. In all cases they observe growing
Rayleigh-Taylor instabilities of the conversion front. The
resulting turbulent motion strongly enhances the conversion
velocity but the burning speed does not reach sonic or even
supersonic velocities. Despite assuming absolutely stable
strange quark matter, a spherical SQM interior surrounded
by an outer layer of hadronic matter is always formed at
the end of the simulations. This outer layer exists because
in their hydrodynamic approximation the combustion stops
when the conversion front reaches conditions under which
exothermic burning is no longer possible. Our work is com-
plementary to these previous studies. Although we have
not included several ingredients such as weak interaction
decays, neutrino transport within the flame and gravity,
we have considered some key ingredients that were not
included in the previous works. One is the use relativistic
hydrodynamic simulations. Notice that the calculations pre-
sented in Refs. [22, 23, 25] employ non-relativistic hydro-
dynamics. Additionally, our treatment of the deconfinement
process is different to the adopted in Refs. [22, 23, 25].

In summary, our main result is the confirmation by
relativistic hydrodynamic simulations that the conversion of
a hadronic matter into a quark matter should proceed trough
a detonation mode that would convert a compact star in a
timescale of tens of microseconds. Certainly, a more realis-
tic simulation should include the effect of gravity. Ne-
vertheless, if gravity was included, the combustion process
would be helped by the release of gravitational binding
energy provided by the contraction of the quark matter
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core. Moreover, the presence of gravity leads to the onset
of hydrodynamic instabilities in the flame that enlarge the
effective surface area available for ignition increasing the
possibility of propagation in the form of a detonation. Thus,
we don’t expect that gravity would change significantly the
here-found timescale for the conversion of the star.
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