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Abstract 

The burning of a neutron star by strange matter is analyzed using relativistic combustion 
theory. It is shown that such burning is probably neither slow combustion nor simple 
detonation. Moreover, the burning is most likely absolutely unstable with no well defined 
burn front. 
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There have recently been a great deal of interest [1) -17) in the conver

sion of neutron stars into "strange" stars. As Witten 18) first pl"oposed, nu

clear matter may not be the most stable fonn of matter. Rather, "strange" 

matter, matter consisting of equal numbers of up, down and strange quarks, 

is. This is due purely to fermi statistics. With three species of particles to 

accommodate vellles only two for nuclear matter, the average energy per nu

cleon was shown by Fahri and Jaffe [9] to be lower for this "strange" matter 

thRIl for nuclcnr matter. Most of the stable configurations of strange mn.ttcr 

are also positively charged and due to a large coulombic barrier there is no 

possibility of nny intp.rllCtion between IItmngc and normlL! mnt.ter. Wlwn, 

however, strange matter comes in contact with a source of neutrons, as in 

a neutron star, no such barrier exists and the neutrons will quickly be ab

sorbed into the strange matter, with each neutron releasing approximately 

10 MeV of energy as it is converted into strange matter [9]. Consequently, it 

is believed that if a lump of strange matter comes in contact with a neutron 

star by whatever means possible, the neutron star will quickly be converted 

into a strange star. The question is how fast and under precisely what 

conditions this conversion will take place. 

There are currently two methods being used to analyze this conversion 

process. The first is due to OIinto [21 who uses a non-relativistic diffusion 

is converted through a w~ak decay to a strange quark: d + u -> S + u. 

The second met.hod WItS mtroduced oy Horvath ct. aI. 16) who Illodds 
th . d . Th . . t' -, d f
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magnitude faster than that predicted by OIinto. We, on the other hand, 
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shall not a priori asswne that the conversion process is due to either a slow 

combustion or a detonation. Rather, we shall use the standard theory of 

relativistic combustion to analyze the conversion of the star and depends 

solely on the equations of state in the two media and the conservation of 

energy-momentum and baryon number across the combustion front. It is 

a kinematic analysis and has the advantage of being independent of the 

details of how the neutrons are absorbed into the strange matter, which at 

this point is not well understood. Moreover, since the only equation of state 

for the strange matter is the MIT bag model, any analysis of the conversion 

of the neutron star into a strange star will be dependent, to ~ certain extent, 

on the value of the bag constant, which is not known to any great degree 

of accuracy. We therefore calculated the velocity of the conversion front for 

a wide range of values of the bag constant and the density of the neutron 

star at various temperatures. What we find is that the conversion of the 

neutron star, if it occurs at all, will occur very quicklYi typically at a rate 

much faster than that predicted by Olinto. Moreover, unless exotic heat 

exchange processes are introduced, the burning is most probably absolutely 

unstable, meaning that it is doubtful that any simple model of the burning 

proceeding with a well defined wavefront will be an accurate model of the 

system. 

§2. Methodology. 

We shall effectively be working in one spatial dimension, with the 

strange matter and the nuclear matter being seperated by a well defined 

planar combustion wavefront 110]. It is assumed that this wavefront is quite 

abrupt, meaning that the thickness b of the wavefront is much smaller than 

the size of the neutron star. We shall work in the frame which is at rest 

with the combustion wavefront. The energy-momentum tensor for the whole 
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system is 

T,," = (E + p)U,.u lI - pg,," 

where u,. is the covariant fluid velocity, E is the energy densit)l and p is the 

pressure. The baryonic number density is N,. = nul" When a single neutron 

is absorbed into the system, one of its two down quarks must decay into a 

strange quark. A product of this decay is a very energetic neutrino which, 

due to the large number of neutrons in the star, will not leave the confines 

of the star. Consequently, even though the process of absorbing neutrons is 

very exothermic, with each absorbed neutron releasing.....,10 MeV of energy, 

we shall consider that the reaction, as a whole, conserves energy with the 

excess energy released in the absorption process going into heating up the 

star as a whole. Then T,," is conserved across the combustion front, and it 

can be shown that (10), 

2 _ (Pq - prJ)( En +pq) 2 _ (Pn - Pq )( Eq +Pn) (1) 
vq - () 'V n -

Eq - En (Eq +Pn) (En - Eq)(En + Pq) 

where vq and V n are the velocities relative to the bum front of the quarks and 

the neutrons in the strange matter and in the neutron star respectively. V n is 

also the velocity of the front relative to the star. (Variables with subscript q 

(n) will denote quantities measured in the strange (nuclear) matter.) Next, 

baryon number must be conserved across the wavefront, from which we 

obtain 
• 2 . 2 (Eq +pq)(E/f +Pn) 
n q = nn :. '.' 
~ ~ (En +Pn)(En + pq) 

At this p6int we shall have to choose an equation of state for both the 
1 

nuclear and strange matter. for the strange matter, we shall assume a zero 

strange quark mass, and ',take the MIT bag model equation of state: 

. 19 2 4 . 9 1 2 • 9 4 
eq =1211" T + 2T I-' + 411"2 I-' +B 

19 2tn4 3 2: 2 3 4 
P =-11" .L . + -T'1l + -I-' - B (2) 

q 36 2 r 4~2 
. . 1 

nq =T21-' + 21-'3
11" 
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where T, ,", and B are the temperature, chemical potential of each quark, 

and bag constant respectively. For the nucl~ar matter there are various 

equations of state that we can choose. The two that we shall work with are 

the zero-temperature Bethe-Johnson (BJ) equation of state [l1J 

En =(236n~·54 +m n )nn MeV fm-3, 

(3) 
Pn =36471;,54 MeV fm-3 

where m n is the mass of the neutron in MeV, and the zero-temperature 

ideal Fermi-Dirac (FD) neutron gas [12J. The velocities and V n mayv ll 

now be determined for any given values of B, nn and T. Here we require 

0.3 fm-4 < B so that nuclei with high atomic numbers would be stable 

against decay into non-strange quark matter [9J. In addition, requiring 

the star to be hydrodynamicallt stable against small perturbations limits 

nn < 1.5 fm-3 for the hard BJ equatjon of state, and nn < 5 fm -3 for the 

soft FD equation of state [l1J. 

At this point we need to introduce some terminology [10J. Let v; (v~) 

be the speed of sound in the strange (nuclear) matter. v; = ~ while 

n 1.54 1 
V~ - [ . ] , 

n - 1.01 +0.648n1.54 

is the speed of sound for the BJ equation of state. When vq < v; and 

V n < v~ I the burning is called a defiagration or a slow combustion. When 

Vq ~ v; and V n > v~, it is called a detonation. When vq > v; and V n < v~, 

the burning is ab.4olutely un~table, meaning that in the presence of any small 

perturbation the wavefront will no longer remain as a well defined plane and 

the model itself fails. W'hen vq > v; and V n > v~, the burning may involve 

eit.her very efficient heat transfer in the unburnt. gas, or reactions which are 

initially exothermic but are endothermic in their final stages. 

§3. Results. 

There are a few constraints that must be imposed. First, the velocities 

v, and Vn must be real and less than the speed of light. Next, for the strange 

matter to consume the neutron star, the energy per "baryon" ~n the strange 

matter must be less than the energy per baryon in the neutron star. The 

demarcation lines are the f,ln, = En Inn lines and alons these lines the bag 

constant B may then be solved in terms of nn for any given T. Plots of 

the lines of equal energy per baryon in the B-n n parameter space are shown 

with the solid curves in Fig. 1-4 for various choices of T. In each case, the 

thick solid curve also corresponds to the equal energy line: £., = En. Along 

this line the velocities are infinite. Consequently, the regime of physically 

acceptable velocities for which there is a conversion of the neutron star into 

a strange star is confined to be below the lowest f,ln, = f,.jnn, to the left 

of the vertical line corresponding to the maximum allowed value of nn, and 

above the horizontal line corresponding to the minimum allowed value of B. 

Notice also that from Eq. (1) the size of v, and V n are determined to a large 

extent by the pressure difference between the nuclear matter and the strange 

matter. Along the equal pressure line p, = Pn (broken line), V n = v, = 0 

and there is no burning whatsoever. It is only when the P, = pn line lies 

below the Ell = En line that there will be choices of B, nn, and T for which 

or Vn will be substantially less than the speed of light.vll 

The parameter spaces obtained using the FD equation of state are 

shown in Figs. 1-2. Unlike the BJ equation of state the region of the 

parameter space for which burning will occur is bounded to the right by the 

equal energy line. \\'hen T = 0 this region is contained within a very small 

triangular region on the right of the graph. As the temperature increases, 

the Eqlnq = En/nn lines collapse towards the nn axis and we find that. at 

T = 60 MeV this region disappears altogether. We thus conclude that the 

ideal fermi neutron gas is in general too ICsoft" to allow the neutron star to 
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burn. 

Figs. 3-4 shows the graphs of the parameter space using the BJ 'equation 

of state. Unlike the FD equation of state, there does exist choice of B and 

nn such that burning may occur and we have included in these graphs 

contour lines of constant vi (dashed lines) and constant V n (dotted lines). 

When T = 0 we found that there was no choices of B and nn for which 

Vi < 0.8 so. that vi > v; throughout the parameter space. Consequently, 

the starred line, representing the Vn = v: contour, splits the physically 

allowed parameter space only into two regions. Below this line Vi > v; 
while V n < v:. In this region the burning, if it occurs at all, is aboslutely 

unstable. Above this line Vi > v; and Vn > v:. Although in this region 

the burning process is stable, there must be some exotic mechanism which 

will either permit an extremely efficient heat transfer or else the conversion 

process itself must be at first exothennic, and then endothermic. 

As the temperature increases, the fi/n =·fnlnn lines once again colt 

lapse towards the nn axis, but because the physical region is no bounded to 

the right by the equal energy line, there will still be a region in which the 

burning will take place. When T =60 MeV we find that once again we have 

an exotic region and an unstable region in the parameter space, but now we 

also have a region lying to the left of the Vi = 0.6 contour in which the star 

will undergo a "slow" combustion. (As the temperature is increased fur

ther, this region eventually also disappears.) Even in this slow combustion 

region V n is still typically fractions of the speed of light, however. In both 

Figs. 3 and 4 we have included the large dotted line which corresponds to 

fnlnn - fqlnq :::::: 10 MeV. The most probable velocities for the burning of 

the neutron star should occur along this line. We find that the V n along this 

line are near the speed of light except in the case of T = 60 MeV, for which 

the equal pressure line is below the equal energy per baryon line in a very 

narrow range of nn = 0.7 - 0.8 fm-3. 

We find that the conversion of a neutron star into a strange star is 

never due to a detonation, although, except for some judicious choices of 

parameters, it will occur extremely rapidly. Moreover, the conversion win 

most probably be unstable with no well defined burn front. If the conver

sion is stable,then aside from a very small region in the parameter space 

for which the conversion is a slow combustion, some exotic mechanism must 

be present which either allows for very efficient heat transfers or else the 
• 
conversion process itself must be first exothermic and then endothermic. 

Although it has been theorized that the core of a neutron state may contain 

a superfluid state, which permits very efficient heat transfers, it is not clear 

whether or not the superfluid state may exist near the burn front. Because 

V n is typically close to the speed of light, it may be faster than the critical 

velocity of the superfluid. Next, although the details of how the neutrons 

are absorbed into the strange matter are not well understood, it has been 

suggested that the conversion of neutron matter into strange matter is either 

direct, through two-flavor quark matter 13], or through a quantum tunnelling 

process 17]. However, it is unlikely that the conversion has involved reac

tions which are initially exothermic but endothermic in their final stages. 

Moreover, if the conversion is a combustion process, heat transfer in the 

neutron gas would be carried out by means of strong-interaction collisions. 

The velocity of the flame front is then given by V n :::::: v:Jr.ITw , where T. 

is the characteristic time scale for strong interaction and T w is the reaction 

time given by the weak interaction rate. Hence, V n would be much less than 

v~. All of these indicate that the regime above the starred line, although 

it is kinematiclly acceptable, would not be dynamically preferable. At this 

point, we are. left with only the regime that is below the starred line. Con

sequently, the burn front is unstable and any perturbation of the front will 
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cause it to fluctuate dramatically. The burning will most probably occur 

under a turbulent mixing of the nuclear and strange matter. It is therefore 

doubtful that any method which makes use of a well defined burn front will 

be valid for analyzing burning of the neutron star. 

We have also analysed a case in which the equation of state of the 

neutron gas is of BJ type and T = 10 MeV. The result is quite similar to 

Fig. 3. Moreover, we could not find any choices of B and nn for T = 10 

MeV and m. = 0 which would reproduce Olinto's result. 

Preliminary results for the case of finite strange quark mass have shown 

no qualitative changes to the parameter space. Non-zero ~trong coupling 

corrections to the above results are now being analysed.. 
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Figure Captions 

Figure 1. Graph of the parameter space using the FD equation of state at 

T=O MeV. 

Figure 2. Graph of the parameter space using the FD equation of state at 

·T=60 MeV. 

Figure 3. Graph of the parameter space using the BJ equation of state at 

T=OMeV. 

Figure 4. Graph of the parameter space using the BJ equation of state at 

T= 60 MeV. 

10 



u 
U 

v· ~ Z· ~ S·O 9·0 V·O G'O 0 

\ 

\.. 
\.. 

I 
I 

\.. 
I 

\.. 
I 

"'
I 

'" 
I 
I

""
' 

I 

" 
I 

........ / 
/" 

0 

SO'O
 

~'O 

s ~ '0 

8 
Z'O 

SZ'O 

f 

8 

8'0 

1\8V'J09=1 

O:J 

u 
U 

S'O 

~ ·0 

Z'O 

8·0 

V'O 

S'O 

9'0 

1\8V'J0=1 L'O 

O:J 



Fig. 3 
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