The

onversion of Neutron star to Strange star :

arXiv:astro-ph/0606523v1 21 Jun 2006

A two step pro ess

1
2,3
3
Abhijit Bhatta haryya , Sanjay K. Ghosh
, Partha S. Joardar ,
2
2,3
Ritam Malli k and Sibaji Raha

1 Department of Physi s, University of Cal utta, 92, A.P.C Road, Kolkata 700009, INDIA
2 Department of Physi s, Bose Institute, 93/1, A.P.C Road, Kolkata - 700009,
INDIA
3 Centre for Astroparti le Physi s and Spa e S ien e, Bose Institute, 93/1,
A.P.C Road, Kolkata - 700009, INDIA

Abstra t

The onversion of neutron matter to strange matter in a neutron star
have been studied as a two step pro ess. In the rst step, the nu lear
matter gets onverted to two avour quark matter. The onversion of
two avour to three avour strange matter takes pla e in the se ond step.
The rst pro ess is analysed with the help of equations of state and hydrodynami al equations, whereas, in the se ond pro ess, non-leptoni weak
intera tion plays the main role. Velo ities and the time of travel through
the star of these two onversion fronts have been analysed and ompared.

I. Introdu tion
It has been onje tured that strange quark matter, onsisting of almost equal
numbers of u, d and s quarks, may be the true ground state of strongly intera ting matter [1, 2℄ at high density and/or temperature. This onje ture
is supported by bag model al ulations [3℄ for ertain range of values for the
strange quark mass and the strong oupling onstant. By onsidering realisti
values for the strange quark mass (150 - 200 MeV [4℄), it may be shown that
the strangeness fra tion in a hemi ally equilibrated quark matter is lose to
unity for large baryon densities. Su h bulk quark matter would be referred to
as "strange quark matter (SQM)" in what follows.
The above hypothesis may lead to important onsequen es both for laboratory experiments as well as for astrophysi al observations. Normal nu lear
matter at high enough density and/or temperature, would be unstable against
onversion to two avour quark matter. The two avour quark matter would
be metastable and would eventually de ay to SQM, releasing a nite amount
of energy in the pro ess. Su h onversion may take pla e in the interior of a
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neutron star where the densities an be as high as (8-10)ρ0 with ρ0 being the
nu lear matter density at saturation [5, 6℄. If Witten's onje ture [1℄ is orre t,
the whole neutron star may onvert to a strange star with a signi ant fra tion
of strange quarks in it. (Neutron star may also be ome a hybrid star with a
ore of SQM in ase the entire star is not onverted to a strange star. Su h
a hybrid star would have a mixed phase region onsisting of both the quark
matter and the hadroni matter [7℄.) Hadron to quark phase transition inside a
ompa t star may also yield observable signatures in the form of Quasi-Periodi
Os illations (QPO) and the Gamma ray bursts [8, 9℄.
There are several ways in whi h the onversion may be triggered at the
entre of the star. A few possible me hanisms for the produ tion of SQM in
a neutron star have been dis ussed by Al o k et al [10℄. The onversion from
hadron matter to quark matter is expe ted to start as the star omes in onta t
with a seed of external strange quark nugget. Su h a seed would then grow by
'eating up' baryons in the hadroni matter during its travel to the entre of the
star, thus onverting the neutron star either to a strange star or a hybrid star.
Another me hanism for the initiation of the onversion pro ess was given by
Glendenning [7℄ . It was suggested there that a sudden spin down of the star
may in rease the density at its ore, thereby triggering the onversion pro ess
spontaneously.
Conversion of neutron matter to strange matter has been studied by several authors. Olinto [11℄ viewed the onversion pro ess to pro eed via weak
intera tions as a propagating slow- ombustion (i.e. a deagration) front and
derived the velo ity of su h a front. Olsen and Madsen [12℄ and Heiselberg et
al [13℄ estimated the speed of su h onversion front to range between 10 m/s to
100 km/s. The ombustive onversion front was assumed to have a mi ros opi
width of a few tens to a few hundreds of fm in these al ulations.
Collins and Perry [14℄, on the other hand, assumed that the hadroni matter
gets onverted rst to a two avour quark matter that eventually de ays to
a three avour strange matter through weak intera tions. Lugones et al [15℄
argued that the hadron to SQM onversion pro ess may rather pro eed as a
detonation than as a deagration even in the ase of strangeness produ tion
o uring through seeding me hanisms [10℄.
Horvarth and Benvenuto [16℄ examined the hydrodynami stability of the
ombustive onversion in a non-relativisti framework. These authors inferred
that a onve tive instability may in rease the velo ity of the deagration front,
so that a transition from slow ombustion to detonation may o ur. They
argued that su h a detonation may as well be responsible for the type II supernova explosions[17℄. In a relativisti framework, Cho et al [18℄ examined the
onservation of the energy-momentum and the baryoni density ux a ross the
onversion front. Using Bethe-Johnson [19℄ and Fermi-Dira neutron gas [20℄
equations of state (EOS) for the nu lear matter (NM) and the Bag model for
SQM, they found that the onversion pro ess was never a detonation but a slow
ombustion only for some spe ial ases. Re ently, Tokareva et al [21℄ modelled
the hadron to SQM onversion pro ess as a single step pro ess. They argued
that the mode of onversion would vary with temperature of SQM and with the
value of bag onstant in the Bag model EOS. Berezhiani et al [22℄, Bomba i et
al [23℄ and Drago et al [24℄, on the other hand, suggest that the formation of
SQM may be delayed if the de onnement pro ess takes pla e through a rst
order transition [25℄ so that the purely hadroni star an spend some time as a
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metastable obje t.
In this paper, we model the onversion of nu lear matter to SQM in a neutron
star as o uring through a two step pro ess. De onnement of nu lear matter
to a two (up and down) avour quark matter takes pla e in the rst step in
strong intera tion time s ale. The se ond step on erns with the generation of
strange quarks from the ex ess of down quarks via a weak pro ess. We may add
here that this is the rst instan e where a realisti nu lear matter EOS is used
to study the nu lear matter to SQM onversion as two step pro ess. Drago et al
[24℄, on the other hand, studied the burning of nu lear matter dire tly to SQM
in detail by using the onservation onditions and the ompa t star models.
To study the onversion of nu lear matter to a two-avour quark matter,
we here onsider relativisti EOSs des ribing the forms of the matter in respe tive phases. Along with su h EOSs, we would also onsider hydrodynami al
equations depi ting various onservation onditions to examine su h onversion
pro ess in a ompa t neutron star. Development of the onversion front, as
it propagates radially through the model star, would be examined. We would
next study the onversion of two-avour quark matter to a three-avour SQM
through a non-leptoni weak intera tion pro ess by assuming β equilibrium for
the SQM. The paper is organised as follows. In se tion II, we dis uss the EOSs
used for the present work. In se tion III, we dis uss the onversion to twoavour quark matter. Conversion to three avour SQM is dis ussed in se tion
IV. In se tion V, we summarise the results. Con lusions that may be drawn
from these results regarding the a tual onversion pro ess that may take pla e
in a neutron star are also presented in this nal se tion.

II. The equation of state
The nu lear matter EOS has been evaluated using the nonlinear Wale ka model
[26℄. The Lagrangian density in this model is given by:
L(x) =

X
i

1
ψ̄i (iγ µ ∂µ − mi + gσi σ + gωi ωµ γ µ − gρi ρaµ γ µ Ta )ψi − ω µν ωµν
4

1
1
1 2 a µ
1
+ m2ω ωµ ω µ + (∂µ σ∂ µ σ − m2σ σ 2 ) − ρaµν ρµν
a + m ρ ρµ ρa
2
2
4
2
1
1
− bmn (gσN σ)3 − C(gσN σ)4 + ψ¯e (iγ µ ∂µ − me )ψe
3
4

(1)

The Lagrangian in equation (1) in ludes nu leons (neutrons and protons),
ele trons, isos alar s alar, isos alar ve tor and isove tor ve tor mesons denoted
by ψi , ψe , σ, ω µ and ρa,µ , respe tively. The Lagrangian also in ludes ubi and
quarti self intera tion terms of the σ eld. The parameters of the nonlinear
Wale ka model are meson-baryon oupling onstants, meson masses and the
oe ient of the ubi and quarti self intera tion of the σ mesons (b and ,
respe tively). The meson eld intera ts with the baryons through linear oupling. The ω and ρ meson masses have been hosen to be their physi al masses.
The rest of the parameters, namely, nu leon-meson oupling onstant ( mgσσ , mgωω
and mgρρ ) and the oe ient of ubi and quarti terms of the σ meson self intera tion (b and , respe tively) are determined by tting the nu lear matter
3

saturation properties, namely, the binding energy/nu leon (-16 MeV), baryon
density (ρ0 =0.17 f m−3 ), symmetry energy oe ient (32.5 MeV), Landau mass
(0.83 mn ) and nu lear matter in ompressibility (300 MeV).
In the present paper, we rst onsider the onversion of nu lear matter, onsisting of only nu leons (i.e. without hyperons) to a two avour quark matter.
The nal omposition of the quark matter is determined from the nu lear matter EOS by enfor ing the baryon number onservation during the onversion
pro ess. That is, for every neutron two down and one up quarks and for every
proton two up and one down quarks are produ ed, ele tron number being same
in the two phases. While des ribing the state of matter for the quark phase
we onsider a range of values for the bag onstant. Nu lear matter EOS is
al ulated at zero temperature, whereas, the two avour quark matter EOS is
obtained both at zero temperature as well as at nite temperatures.

III. Conversion to two avour matter
In this se tion we dis uss the onversion of neutron proton (n-p) matter to two
avour quark matter, onsisting of u and d quarks along with ele trons for the
sake of ensuring harge neutrality. We heuristi ally assume the existen e of a
ombustion front. Using the ma ros opi onservation onditions, we examine
the range of densities for whi h su h a ombustion front exists. We next study
the outward propagation of this front through the model star by using the
hydrodynami (i.e. Euler) equation of motion and the equation of ontinuity
for the energy density ux [27℄. In this study, we onsider a non-rotating,
spheri ally symmetri neutron star. The geometry of the problem ee tively
redu es to a one dimensional geometry for whi h radial distan e from the entre
of the model star is the only independent spatial variable of interest.
Let us now onsider the physi al situation where a ombustion front has
been generated in the ore of the Neutron star. This front propagates outwards
through the neutron star with a ertain hydrodynami velo ity, leaving behind
a u-d-e matter. In the following, we denote all the physi al quantities in the
hadroni se tor by subs ript 1 and those in the quark se tor by subs ript 2.
Condition for the existen e of a ombustion front is given by [28℄
ǫ2 (p, X) < ǫ1 (p, X),

(2)

where p is the pressure and X = (ǫ + p)/nB 2 , nB being the baryon density.
Quantities on opposite sides of the front are related through the energy density,
the momentum density and the baryon number density ux onservation. In
the rest frame of the ombustion front, these onservation onditions an be
written as [21, 27, 29℄:
ω1 v12 γ12 + p1 = ω2 v22 γ22 + p2 ,

(3)

ω1 v1 γ12 = ω2 v2 γ22 ,

(4)

n1 v1 γ1 = n2 v2 γ2 .

(5)

and
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In the above three onditions vi (i=1,2) is the velo ity, pi is the pressure,
1
is the Lorentz fa tor, ωi = ǫi + pi is the spe i enthalpy and ǫi is
1−vi2
the energy density of the respe tive phases.
Besides the onservation onditions given in (2-5), the ondition of entropy
in rease a ross the front puts an additional onstraint on the possibility of the
existen e of the ombustion front. This entropy ondition is given by [30℄,
γi = √

(6)

s1 v1 γ1 ≤ s2 v2 γ2

with si being the entropy density.
The velo ities of the matter in the two phases, given by equations (3-5), are
written as [27℄:
v12 =

(p2 − p1 )(ǫ2 + p1 )
,
(ǫ2 − ǫ1 )(ǫ1 + p2 )

(7)

v22 =

(p2 − p1 )(ǫ1 + p2 )
.
(ǫ2 − ǫ1 )(ǫ2 + p1 )

(8)

and

It is possible to lassify the various onversion me hanisms by omparing the
velo ities of the respe tive phases with the orresponding velo ities of sound,
denoted by csi , in these phases. Thes onditions are [31℄,
strong detonation : v1 > cs1 ,

v2 < cs2 ,

Jouget detonation : v1 > cs1 ,

v2 = cs2 ,

supersoni or weak detonation: v1 > cs1 ,

v2 > cs2 ,

strong deagration : v1 < cs1 ,

v2 > cs2 ,

Jouget deagration : v1 < cs1 ,

v2 = cs2 ,

weak deagration : v1 < cs1 ,

v2 < cs2 .

For the onversion to be physi ally possible, velo ities should satisfy an
additional ondition, namely, 0 ≤ vi2 ≤ 1. We here nd that the velo ity
ondition, along with the eq.(2), puts severe onstraint on the allowed equations
of state.
To examine the nature of the hydrodynami al front, arising from the neutron to two avour quark matter onversion, we plot, in g.1, the quantities
v1 , v2 , cs1 and cs2 as fun tions of the baryon number density (nB ). As mentioned earlier, the u and d quark ontent in the quark phase is kept same as the
one orresponding to the quark ontent of the nu leons in the hadroni phase.
With these xed densities of u and d quarks and ele trons, the EOS of the
two avour matter has been evaluated using the bag model pres ription. We
nd that the energy ondition (eqn.(2)) and velo ity ondition ( vi 2 > 0 ) both
are satised only for a small window of ≈ ±5.0M eV around the bag pressure
B 1/4 = 160M eV . The onstraint imposed by the above onditions results in
the possibility of deagration, detonation or supersoni front as shown in the
gs.(1-3).
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In g.1, we onsidered both the phases to be at zero temperature. A possibility, however, exist that a part of the internal energy is onverted to heat energy,
thereby in reasing the temperature of the two avour quark matter during the
exothermi ombustive onversion pro ess. Instead of following the pres ription for the estimation of temperature as given in referen es [17, 24℄, we study
the hanges in the properties of ombustion with the temperature of the newly
formed two avour quark phase in the present paper. In gures 2 and 3, we plot
the variation of velo ities with density at two dierent temperatures, namely,
T = 50M eV and T = 100M eV , respe tively. These gures show that the range
of values of baryon density, for whi h the ow velo ities are physi al, in reases
with temperature. Figure 4 shows the variation of velo ities with temperature
for values of baryon number densities given by nB ≈ 3ρ0 and 7ρ0 , respe tively.
In this gure, the dieren e between velo ities v1 and v2 in reases with temperature of the two avour quark matter. In the present paper we have onsidered
only the zero temperature nu lear matter EOS. On the other hand, equation
of state of quark matter has a nite temperature dependen e and hen e the
dieren e between v1 and v2 , varies with temperature.
The pre eding dis ussion is mainly a feasibility study for the possible generation of the ombustive phase transition front and its mode of propagation.
Having explored su h possibilities, we now study the evolution of the hydrodynami al ombustion front with position as well as time. This might give us
some insight regarding the a tual onversion of a hadroni star to a quark star
and the time s ale involved in su h a pro ess. To examine su h an evolution,
we move to a referen e frame in whi h the nu lear matter is at rest. The speed
of the ombustion front in su h a frame is given by vf = −v1 with v1 being the
velo ity of the nu lear matter in the rest frame of the front.
In the present work, we use the spe ial relativisti formalism to study the
evolution of ombustion front as it moves outward in the radial dire tion inside
the model neutron star. The relevant equations are the equation of ontinuity
and the Euler's equation, that are given by [21℄:

and

∂ǫ
1 ∂v
∂v
v
1 ∂ǫ
(
+ v ) + 2(
+v )+2 =0
ω ∂τ
∂r
W ∂r
∂τ
r

(9)

∂p
1 ∂v
∂v
1 ∂p
(
+ v )+ 2(
+ v ) = 0,
ω ∂r
∂τ
W ∂τ
∂r

(10)

∂r
where, v = ∂τ
is the front velo ity in the nu lear matter rest frame and k = ∂p
∂ǫ
is taken as the square of the ee tive sound speed in the medium.
Substituting these expressions for v and k in equations (9) and (10) we get

and

2v ∂ǫ
1 ∂v
2v
+
(1 + v 2 ) +
=0
ω ∂r W 2 ∂r
r

(11)

n ∂ǫ
2v ∂v
(1 + v 2 ) + 2
=0
ω ∂r
W ∂r

(12)

Equations (11) and (12) ultimately yield single dierential equation that is
written as:
2vkW 2 (1 + v 2 )
dv
=
.
dr
r[4v 2 − k(1 + v 2 )2 ]
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(13)

The equation (13) is integrated, with respe t to r(t), starting from the entre
towards the surfa e of the star. The nu lear and quark matter EOS have been
used to onstru t the stati onguration of ompa t star, for dierent entral
densities, by using the standard Tolman-Oppenheimer-Volko (TOV) equations
[32℄. The velo ity at the entre of the star should be zero from symmetry
onsiderations. On the other hand, the 1/r dependen e of the dv/dr, in eq.(13)
suggests a steep rise in velo ity near the entre of the star.
Our al ulation pro eeds as follows. We rst onstru t the density prole
of the star for a xed entral density. Equations (7) and (8) then spe ify the
respe tive ow velo ities v1 and v2 of the nu lear and quark matter in the rest
frame of the front, at a radius innitesimally lose to the entre of the star.
This would give us the initial velo ity of the front (−v1 ), at that radius, in
the nu lear matter rest frame. We next start with equation (13) from a point
innitesimally lose to the entre of the star and integrate it outwards along
the radius of the star. The solution gives us the variation of the velo ity with
the position as a fun tion of time of arrival of the front, along the radius of the
star. Using this velo ity prole, we an al ulate the time required to onvert
the whole star using the relation v = dr/dτ .
In gure 5, we show the variation of the velo ity for values of the entral
baryon densities 3ρ0 , 4.5ρ0 and 7ρ0 , respe tively. The respe tive initial velo ities
orresponding to su h entral densities are taken to be 0.43, 0.67 and 0.68. The
gure shows that the velo ity of the front, for all the entral densities, shoots up
near the entre and then saturates at a ertain velo ity for higher radius. Su h
a behaviour of velo ity near the entral point is apparent from the equation (13)
above. The numeri ally obtained saturation velo ity varies from 0.92 for entral
baryon density 3ρ0 to 0.98 for 7ρ0 . The existen e of a saturation velo ity, at large
r, is apparent from the asymptoti behaviour of equation (13). A omparison
with g.1 shows that for the densities 3ρ0 and 4.5ρ0 , the onversion starts as
weak detonation and stays in the same mode throughout the star. On the
other hand, for 7ρ0 , initial detonation front hanges over to weak detonation
and the velo ity of front be omes almost 1 as it rea hes the outer rust. The
orresponding time taken by the ombustion front to propagate inside the star
is plotted against the radius in gure 6. The time taken by the front to travel
the full length of the star is of the order of few millise onds. A ording to
the present model, the initial neutron star thus be omes a two avour quark
star in about 10−3 se . The results dis ussed above orrespond to the ase
in whi h both nu lear as well as quark matter are at zero temperature. For
nite temperature quark matter results vary only by a few per ent of the front
velo ities for the quark matter at zero temperature.
We would like to mention here that in the above dis ussions, the equations
governing the onversion of nu lear to quark matter are purely hydrodynami .
There is no dissipative pro ess, so that the ombustion front ontinues to move
with a nite velo ity depending on the density prole. Furthermore, there is no
rea tion rate involved here as the de onnement pro ess o urs in the strong
intera tion time s ale and hen e an be taken to be instantaneous. This is
ertainly very dierent from the se ond step pro ess, to be dis ussed in the next
se tion, where the two avour matter onverts to a three avour matter. Here,
the governing rate equations are weak intera tion rates whi h play a de isive
role in the onversion. Comparing the total time ( ≡ 10−3 se ) taken by the
ombustion front to travel through the star with the weak intera tion time s ale
7

(10−7 − 10−8 se ), it is evident that the se ond step may start before the end
of the rst step pro ess. In that ase, perhaps, one should ideally onsiders two
fronts, separated by a nite distan e, moving inside the star [27℄. In the present
paper, we have taken a mu h simplied pi ture and onsidered the onversion of
a hemi ally equilibrated two avour to three avour quark matter as the se ond
step pro ess. Our results may provide us with more information regarding the
ne essity of onsidering two fronts.

IV. The onversion to three avour SQM
In this se tion we dis uss the onversion of two avour quark matter to three
avour SQM in a ompa t star. Similar to the dis ussion above, we assume the
existen e of a onversion front at the ore of the star that propagates radially
outward leaving behind the SQM as the ombustion produ t. This onversion
is governed by weak intera tions that take pla e inside the star.
For a three avour quark matter, the harge neutrality and the baryon number onservation onditions yield
3nB = nu + nd + ns

(14)

2nu = nd + ns + 3ne

(15)

where ni is the number density of parti le i (i= u, d, s and e).
The weak rea tions whi h govern the onversion of ex ess down quark to
strange quark an be written as,
d → u + e− + ν e− ;

s → u + e− + ν e− ;

d+u →s+u

(16)

We assume that the neutrinos es ape freely from the site of rea tion and the
temperature of the star remains onstant. The non-leptoni weak intera tion
in su h a ase be omes the governing rate equation. The semi-leptoni weak
de ays, then, are solely responsible for the hemi al equilibration whi h an be
in orporated through the relations given below.
µe− = µd − µu ;

µd = µs ,

(17)

where µi is the hemi al potential of the i'th parti le. The number densities (ni ) of the quarks and ele trons are related to their respe tive hemi al
potentials by,
ni = g i

Z

∞

0

d3 p/(2π)3 [f + − f − ],

(18)

where f + and f − are given by
f+ =

1
exp[(Ep − µ)/T ] + 1

f− =

1
.
exp[(Ep + µ)/T ] + 1

(19)

In equations (18) and (19), gi is the degenera y fa tor and T the temperature.
Eqns.(14-19) an be solved self onsistently to al ulate the number densities of
quarks and ele trons.
8

The onversion to SQM starts at the entre (r = 0) of the two avour
star. Assuming that the rea tion region is mu h smaller than the size of the
star, we have onsidered the front to be one dimensional. Moreover, as we are
onsidering spheri al stati stars only, there is no angular dependen e. The
ombustion front, therefore, moves radially towards the surfa e of the star. As
the front moves outwards, ex ess d quarks get onverted to s quark through
the non leptoni weak pro ess. The pro edure employed in the present work is
somehow similar to that of ref.[11℄, although the physi al boundary onditions
are dierent.
We now dene a quantity,
(20)
su h that, a(r = 0) = a0 at the ore of the star. The quantity a0 is the number
density of the strange quarks, at the entre, for whi h the SQM is stable and
its value lies between 0 and 1. For equal numbers of d and s quarks, a(r) = 0.
Ideally at the entre of the star a0 should be zero for strange quark mass ms = 0.
Sin e s quark has a mass ms ∼ 150MeV, at the entre of the star a0 would be
a small nite number, depending on the EOS. The s quark density fra tion,
however, de reases along with the de rease of the baryon density towards the
surfa e of the star, so that, a(r → R) → 1 with R being the radius of the star.
At any point along the radius, say r = r1 , initial a(r1 ), before the arrival of the
front, is de ided by the initial two avour quark matter EOS. The nal a(r1 ),
after the onversion is obtained from the equilibrium SQM EOS at the density
orresponding to r1 .
The onversion to SQM o urs via de ay of down quark to strange quark
(u + d → s + u) and the diusion of the strange quark from a ross the front [11℄.
The orresponding rate of hange of a(r) with time is governed by following two
equations:
da
(21)
= −R(a),
a(r) = [nd (r) − ns (r)]/2nB

dt

and

da
d2 a
= D 2,
dt
dr

(22)

In the equation (21) R(a) is the rate of onversion of d to s quarks. Equation
(22) yields the rate of hange of a(r) due to diusion of s quarks, with D being
the diusion onstant. Following Olinto [11℄, assuming the one dimensional
steady state solution and using equations (21) and 22 we get:
′′

(23)

′

Da − va − R(a) = 0,

where v is the velo ity of the uid. In equation (23) a = da
dr .
Conservation of baryon number ux at any position yields nq vq = ns vs . The
subs ripts q and s denote the two avour quark matter phase and SQM phase,
respe tively. The baryon ux onservation ondition yields the initial boundary
ondition at any point r along the radius of the star:
′

a′ (r) = −

v
(ai (r) − af (r)),
D

(24)

where ai (r) and af (r) are the values for the a(r) before and after the ombustion,
respe tively.
9

The rea tion rate for the non-leptoni weak intera tion u + d → u + s is in
general a ve dimensional integral for non zero temperature and ms [33, 34℄.
Here, instead, we have taken the zero temperature, small a limit [11℄.
R(a) ≈

16
a3
GF 2 cos2 θc sin2 θc µu 5 ,
15π
3

(25)

where, GF is the weak oupling onstant and θc is the Cabibbo angle. The
above equation an be written in the following form:
R(a) ≈

a3
,
τ

(26)

2
2
2
5
where τ = (3316
)15π GF cos θc sin θc µu , here, depends on the position of the
front.
Following the line of arguments given in ref.[11℄, we write down the analyti
expressions for D and v as:

D=

and
v=

µ
λv
≃ 10−3 ( )2 cm2 /s,
3
T

(27)

s

(28)

af (r)4
D
.
τ 2(ai (r) − af (r))

Our al ulation pro eeds as follows. First we get the star hara teristi s for
a xed entral baryon density ρc . For a given ρc , number densities of u, d and s
quarks, in both the two and three avour se tors, are known at any point inside
the star. That means ai (r) and af (r) is xed. Eqns.(25-28) are then used to
get the diusion onstant and hen e the radial velo ity of the front.
The entral baryon densities onsidered here are same as those of se tion III.
Assuming that the neutrinos leave the star, the temperature is kept onstant
at some small temperature so that we an use the equation (25), evaluated in
the zero temperature limit. The variation of a(r) with the radius of the star is
given in gure 7. The plot shows that a(r) in reases radially outward, whi h
orresponds to the fa t that as density de reases radially, the number of ex ess
down quark whi h is being onverted to strange quark by weak intera tion also
de reases. Hen e, it takes less time to rea h a stable onguration and hen e
the front moves faster, as shown in the gs. 8 and 9.
In Fig.8, we have plotted the variation of velo ity along the radius of the star.
The velo ity shows an in rease as it rea hes su iently low density and then
drops to zero near the surfa e as d → s onversion rate be omes zero. Fig.9
shows the variation of time taken to rea h a stable onguration at dierent
radial position of the star. The total time needed for the onversion of the star,
for dierent entral densities, is of the order of 100 se onds, as an be seen from
the gure.

V. Summary and dis ussion
We have studied the onversion of a neutron star to strange star. This onversion
takes pla e in two stages. In the rst stage a detonation wave is developed
in the hadroni matter ( ontaining neutrons, protons and ele trons). We have
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des ribed this hadroni matter with a relativisti model. For su h an equation of
state the density prole of the star is obtained by solving Tolman-OpenheimerVolko equations. The orresponding quark matter equation of state is obtained
by using the bag model. However, this quark matter equation of state is not
equilibrated and ontains two avours. Matter velo ities in the two media, as
measured in the rest frame of the front, have been obtained using onservation
onditions. These velo ities have been ompared with the sound velo ity in
both phases.
For a parti ular density inside the star, ow velo ities of the matter on the
two sides of the front is now xed. Starting from a point, innitesimally lose to
the entre, hydrodynami equations are solved radially outward. The solution
of the hydrodynami equations gives the velo ity proles for dierent entral
densities. The velo ity of the front shoots up very near to the ore and then
saturates at a value lose to 1. The mode of ombustion is found to be weak
detonation for lower entral densities. For higher entral densities, the initial
detonation be omes weak detonation as the the front moves radially outward
inside the star. This result is dierent from that of ref.[24℄, where the onversion
pro ess always orrespond to a strong deagration. The time required for the
onversion of the neutron star to a two avour quark star is found to be of
the order of few millise onds. After this front passes through, leaving behind
a two avour matter a se ond front is generated. This se ond front onverts
the two avour matter via weak intera tion pro esses. The velo ity of the front
varies along the radius of the star. As the front moves out from the ore to the
rust, its velo ity in reases, implying faster onversion. The time for the se ond
onversion to take pla e omes out to be ∼ 100 se onds. This is omparable to
the time s ale obtained in ref.[11℄.
The omparison of the time of onversion from neutron star to two avour
quark star and the weak intera tion time s ale suggests that at some time during
the passage of the rst ombustion front, the burning of two avour matter to
strange matter should start. This means that at some point of time, there should
be two fronts moving inside the star. On the other hand, our results show that,
inside the model star, the burning of the nu lear matter to two avour quark
matter takes mu h smaller time ompared to the onversion from two avour
quark matter to SQM. However, the onsideration of two fronts might provide
us with some more information regarding the onversion of neutron star to a
nal stable strange star. In the present ase we have onsidered a two step
pro ess, there being only one type of front, inside the star, at any instant of
time.
Here we would also like to mention that ideally the se ond step should start
with a non-equilibrated two avour matter [35, 33℄. Sin e this is a numeri ally
involved al ulation, in the present ase we have taken the simplied pi ture of
equilibrated quark matter.
Finally, the burning of the nu lear matter to two avour quark matter is
studies using spe ial relativisti hydrodynami equations. The a tual al ulation should involve general relativity, taking into a ount the urvature of the
front for the spheri al star. We propose to explore all these detailed features in
our subsequent papers.

11

A knowledgements
R.M. would like to thank CSIR for nan ial support. S.K.G., S.R. and P.S.J.
,in parti ular, thanks DST for nan ial support under IRHPA s heme.

Referen es
[1℄ E. Witten, Phys. Rev. D30 (1984 ) 272.
[2℄ P. Haesel, J. L. Zdunik and R. S haeer. Astron. Astrophys. 160 (1986)
121.
[3℄ E. Farhi and R.L. Jae, Phys. Rev. D30 ( 1989 ) 2379.
[4℄ A. Chodos, R.L. Jae, K. Jhonson, C.B. Thorn and V.F. Weisskopf, Phys.
Rev. D9 (1974 ) 3471.
[5℄ A. R. Bodmer, Phys. Rev. D4 (1971) 1601.
[6℄ N. Itoh, Prog. Theor. Phys 44 (1970) 291.
[7℄ N. K. Glendenning, Nu l. Phys. (Pro . Suppl.) B24 (1991) 110; Phys. Rev.
D46 (1992) 1274
[8℄ A. Bhatta haryya and S. K. Ghosh, astro-ph/0506202.
[9℄ A. Bhatta haryya, S. K. Ghosh and S. Raha, Phys.Lett. B635 (2006) 195.
[10℄ C. Al o k, E. Farhi and A. Olinto, Astrophys. J. 310 (1986) 261.
[11℄ A. V. Olinto, Phys. Lett. B192 (1987) 71; Nu l.Phys.Pro .Suppl. B24
(1991) 103.
[12℄ M. L. Olsen and J. Madsen, Nu l. Phys. (Pro . Suppl.) B24 (1991) 170.
[13℄ H. Heiselberg, G. Baym and C. J. Pethi k, Nu l. Phys. (Pro . Suppl.) B24
(1991) 144.
[14℄ J. Collins and M. Perry, Phys. Rev. Lett. 34 (1975) 1353.
[15℄ G. Lugones, O. G. Benvenuto and H. Vu eti h, Phys. Rev. D50 (1994)
6100.
[16℄ J. E. Horvarth and O. G. Benvenuto, Phys. Lett. B213 (1988) 516.
[17℄ O. G. Benvenuto, J. E. Horvarth and H. Vu eti h, Int. J. Mod. Phys. A4
(1989) 257; O. G. Benvenuto and J. E. Horvarth, Phys. Rev. Lett. 63 (1989)
716.
[18℄ H. T. Cho, K. W. Ng and A. D. Speliotopoulos, Phys. Lett. B326 (1994)
111.
[19℄ S. L. Shapiro and S. A. Teukolsky, Bla k Holes, White Dwarfs, and Neutron
Stars, Chapter 8 (John Wiley & Sons, New York, 1983).

12

[20℄ L. D. Landau and E. M. Lifshitz, Statisti al Physi
ter 5 (Pergamon Press, New York 1980).

s, Part 1, 3rd ed.

, Chap-

[21℄ I. Tokareva, A. Nusser, V. Gurovi h and V. Folomeev, Int. J. Mod. Phys.
D14 (2005) 33.
[22℄ Z. Berezhiani, I. Bomba i, A. Drago, F. Frontera and A. Lavagno, Astrophys. J. 586 (2003) 1250.
[23℄ I. Bomba i, I. Parenti and I. Vidana, Astrophys. J. 614 (2004) 314.
[24℄ A. Drago, A. Lavagno and G. Pagliara, Phys. Rev. D69 (2004) 057505.
[25℄ J. Alam, S. Raha, B. Sinha, Phys. Rep, 273 (1996) 243.
[26℄ J. Ellis,J. I Kapusta and K. A. Olive, Nu l. Phys. B348 (1991) 345.
[27℄ L. D. Landau and E. M. Lifshitz, Fluid Me hani s (1987), Pergamon Press.
[28℄ A. M. Anile, Relativisti uids and Magneto-uids : with appli ation in
Astrophysi s and Plasma Physi s (1989), Cambridge University Press, U.K.
[29℄ A. M. Gleeson and S. Raha, Phys. Rev. C26 (1982) 1521.
[30℄ M. Gyulassy, K. Kajantie, H. Kurki-Suonio and L. M Lerran, Nu l. Phys.
B237 (1984) 477.
[31℄ M. Laine, Phys. Rev. D49 (1994) 3847.
[32℄ J. R. Oppenheimer and G. M. Volko, Phys. Rev. 55 (1939) 374.
[33℄ Sanjay K. Ghosh, S. C. Phatak and P. K. Sahu, Nu l. Phys. A596 (1996)
67.
[34℄ J. Madsen, Phys. Rev. D47 (1993) 325.
[35℄ Z. Dai, T. Lu and Q. Peng, Phys. Lett. B319 (1993) 199.

13

velocities (in units of c=1)

0.6
v1
v2
cs1
cs2

0.5

0.4

0.3

0.2

0.1

0

0

0.5

1
Baryon number density (fm-3)

1.5

2

Figure 1: Variation of dierent velo ities with baryon number density for T =
0 MeV. The dark-shaded region orrespond to deagration, light-shaded region
orrespond to detonation and the unshaded region orrespond to supersoni
onversion pro esses.
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Figure 2: Variation of velo ities with baryon number density for T = 50 MeV.
Dierent regions orrespond to dierent modes of onversion, where the notations are the same as in g 1.
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Figure 3: Variation of velo ities with baryon number density for T = 100 MeV.
Dierent regions orrespond to dierent modes of onversion, where the notations are the same as in g 1.
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Figure 4: Variation of velo ities with temperature: (a)v1 for density 3ρ0 , (b) v2
for density 3ρ0 , ( ) cs1 , (d) cs2 for 3ρ0 , (e) v2 for 7ρ0 , (f) v1 for 7ρ0 and (g) cs2
for 7ρ0 .
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Figure 5: Variation of velo ity of the onversion front with radius of the star,
for three dierent values of the entral densities, namely, (a) 3ρ0 , (b) 4.5ρ0 and
( ) 7ρ0 , respe tively. Here ρ0 is the nu lear density. The initial velo ity for the
three ases are 0.66, 0.65 and 0.47, respe tively.
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Figure 6: Variation of the time of arrival of the onversion front at a ertain
radial distan e inside the star as a fun tion of that radial distan e from the
entre of the star for three dierent entral densities. Values of the entral
density orresponding to the urves (a), (b) and ( ) are the same as shown in
g 5.
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Figure 7: Variation of a(r) (as in the text) with radius of star, for dierent
entral densities, where, (a) orresponds to ase for whi h the entral density is
3ρ0 , (b) for 4.5ρ0 and ( ) for 7ρ0 .

1500

velocity of the front (in m/sec)

a
b
c

1000

500

0

0

2e+05

4e+05
radius of the star (in cm)

6e+05

8e+05

Figure 8: Variation of velo ity of the two to three avour quark onversion front
with radius of the star for dierent entral densities, where, (a) orresponds to
ase for whi h the entral density is 3ρ0 , (b) for 4.5ρ0 and ( ) for 7ρ0 .
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Figure 9: Variation of time taken for the two to three avour quark onversion
front with radius of the star, for dierent entral densities, where, (a) orresponds to ase for whi h the entral density is 3ρ0 , (b) for 4.5ρ0 and ( ) for
7ρ0 .
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