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We propose that spontaneous particle-anti-particle pair creations from the discharged
vacuum caused by the strong interactions in dense matter are major sources of v-ray
bursts. Two neutron star collisions or black hole-neutron star mergers at cosmological
distance could produce a compact object with its density exceeding the critical density
for pair creations. The emitted anti-particles annihilate with corresponding particles at
the ambient medium. This releases a large amount of energy. We discuss the spontaneous
pp pair creations within two neutron star collision and estimate the exploded energy from
pp annihilation processes. The total energy could be around 10°! —10%3 erg depending on
the impact parameter of colliding neutron stars. This value fits well into the range of the
initial energy of the most energetic y-ray bursts. We suggest to measure the anti-proton

spectra from the identical sources of y-ray bursts to test the scenario.
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I. INTRODUCTION

Gamma-ray bursts (GRBs) were discovered accidentally in the late 1960s by the Vela
satellites. It was announced in 1973 [1]. Since then, they have been one of the greatest
mysteries in high-energy astrophysics for almost 30 years. The situation was improved
dramatically in 1997, when the BeppoSAX satellite discovered X-ray afterglow [2], this
enabled accurate position determination and the discovery of optical [3] and radio [4]
afterglows and host galaxies. The distance scale to GRBs was finally unambiguously
determined: their sources are at cosmological distances [5]. In spite of all these recent
progresses, we still do not know what produces GRBs! The nature of the underlying phys-
ical mechanism that powers these sources remains unclear. The optical identification and
measurement of redshifts for GRBs allow us to determine their distances and the amount
of energy that would be radiated in an isotropic explosion. In recent three observations
(GRB971214 [6], 980703 [7] and 990123 [8]), the total isotropic energy radiated is esti-
mated to be in excess of 10°® erg. For GRB990123, the inferred isotropic energy release
is up to 3.4 x 10%* erg, or 1.9 M (where My, is the solar mass), which is larger than the
rest mass of most neutron stars. It has been suggested that the explosion of GRB990123
is not isotropic, which reduces the energy released in v-rays alone to be 6 x 1052 erg [8]
due to finite beaming angle. However, if one adopts the picture of the fireball internal
shocks model [9] that random internal collisions among shells produce the highly variable
v-ray burst emissions, the required initial energy will be raised by a factor of about 100
since it is argued that only 1% of the energy of the initial explosion can be converted
to the observed radiation [10]. Therefore, it appears that the total exploded energy for
the most energetic bursts is close to or possibly greater than 10°* erg. It seems to be
difficult to imagine a source that could provide so much energy. The first and foremost
open question concerning GRBs is what are the inner engines that power GRBs [9] ?

On the other hand, the GRB spectrum is nonthermal. In most cases there is a strong
power law high-energy tail extending to a few GeV. A particular high-energy tail up to
18 GeV has been reported in GRB940217 [11]. This nonthermal spectrum provides an

important clue to the nature of GRBs.
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FIG. 1. Schematic view of NN pair creation from the Dirac sea due to strong fields in dense

matter.

Various GRB models have been suggested in the literature, e.g., Refs. [9,12,15-18].
Among them, the neutron star merger seems to be the most promising candidate. Three-
dimensional hydrodynamical simulations of the coalescence of binary neutron stars (NS-
NS) [13-15,19], direct collision of two neutron stars [20-22] as well as black hole-neutron
star (BH-NS) merger [23] have been performed by some authors. The largest energy
deposition of ~ 10°! erg by vv annihilation was obtained in the black hole-neutron star
merger. This may account for certain low-energy GRBs on the one hand, is, on the other
hand, still far away from the energetic ones mentioned above. However, it should be
pointed out that in those macroscopic simulations (and almost all GRB fireball models)
the effects of strong interactions, e.g., the modification of hadron properties in dense
matter, many body effects, vacuum correlations et al., have been largely neglected except

a nuclear equation of state is applied.
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In this work we propose an alternative scenario for the source of the most energetic
v-ray bursts. It is well known that the density is fairly high at the center of neutron
star. The central density can be several times nuclear saturation density [24]. Further-
more, superdense matter could be formed at NS-NS/BH-NS merger and direct NS-NS
collision. Three-dimensional hydrodynamical simulations showed that when two neutron
stars collide, the maximum density of the compressed core can be 1.4 (off-center collisioﬁ,
the impact parameter b = R, i.e., one neutron star radius) to 1.9 (head-on collision)
times of the central density of a single neutron star [22]. At such high density, not only
the properties of baryons will be modified drastically according to the investigation of
relativistic mean-field theory (RMF) and relativistic Hartree approach (RHA) [25], but
also the vacuum, i.e., the lower Dirac sea, might be distorted substantially [26] since
the meson fields, which describe the strong interactions between baryons, are very large.
At certain densities, when the negative energy of the nucleons in the Dirac sea is larger
than the nucleon free mass, the nucleon—anti-nucleon pairs can be created spontaneously
from the vacuum [27,28]. A schematic picture for this phenomena is depicted in Fig. 1.
The situation is quite similar to the electron-positron pair creations in QED with strong
electromagnetic fields. The produced anti-nucleons will then annihilate with the nucleons
at the ambient medium through the NN — vy reaction. This yields a large amount of
energy and photons. The sequent process, 4y < ete™, inevitably leads to the creation
of a fireball. The dynamical expansion of the fireball will radiate the observed v-rays
through the nonthermal processes in shocks [9]. In the following sections, we shall esti-
mate whether enough energy is available within this scenario to satisfy the requirement of
a source of energetic GRBs. The report is organized as follows: In Sect. II we introduce
our theoretical framework. In Sect. III we present numerical results for the properties of
neutron star matter and neutron star structure. In Sect. IV we discuss two neutron star

collisions and estimate the released energy. Finally, a summary and outlook is given in

sect. V.
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II. THEORY

We start from the Lagrangian density for nucleons interacting through the exchange

of mesons
R 1 ]' 2 2 1 v
L = Y[y, 0" — Mn]Y + 58#06“0 —5Me0" — waw“
1 1
+§miw”w“ - ZR‘“,RI'W + Engﬂ . RM

_ - 1 _
+8, VY0 — gLy Pt — §gp"/"7uf - PpR¥, (1)

where 1 is the Dirac spinor of the nucleon; o, w, and R, represent the scalar meson,
vector meson and isovector-vector meson field, respectively. Here the field tensors for the

omega and rho are given in terms of their potentials by

Wy = 0w, — Oywy, (2)

R, =9,R, - O,R,. (3)

Based on this Lagrangian, we have developed a relativistic Hartree approach including
vacuum contributions which describes the properties of nucleons and anti-nucleons in
nuclear matter and finite nuclei quite successfully [28]. The model can be further applied
to the neutron, proton and electron (n-p-e) system under the beta equilibrium and the
charge neutrality conditions which is in particular important for the neutron star. The

Dirac equation for the nucleons can be written as

) 1
[Wua“ — guYuwt — ‘é‘gp'YuTORg — My + gaa'] Y =0. (4)

In static neutron star matter, the above equation can be solved immediately to yield
the positive energy of the nucleons in the Fermi sea E, and the negative energy of the

nucleons in the Dirac sea E_ which read as

1/2 1
E, = { [k2 + (My — gaa)z] + guwo + EngoRo,o} ’ (5)

1/2 1
Bo= —{ [k + (M — 20)"] " — g + 5g70Roo) (6)
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The energy of anti-nucleons E, is just the minus sign of E_, i.e., B, = —E_ [28]. Here o,
wo and Ry are the mean values of the scalar field, the time-like component of the vector
field, and the time-like isospin 3-component of the vector-isovector field in neutron star

matter, respectively. They are obtained by solving the non-linear equations of the meson

felds
mio = g (o5 + %), (7)
m2wy = g.po™, (8)
1 va
m; Roo = Z8,P00- 9)

Here p%, p3* and pj% are the scalar density, the time-like component of the vector density
and the time-like isospin 3-component of the vector-isovector density contributed from the
valence nucleons, that is, from the Fermi sea; p5 is the scalar density contributed from

the Dirac sea, respectively. They can be written as

val __ m* o, * *2 k%‘ + “;
Ps —a§n2?[ FHo — T ln—r;l‘;——], (10)
seca 1 a (1)
Ps = —55;[ F (0)} ) (11)
o = s+ 1 (12)
o = P — Pt (13)
where
(k%)®
pg = 37'('2 ? (14)
(k%)
Po="3 0 (15)
m* = My — g,0, (16)

ue = (kg + m2]

The V,,g)(o) is obtained through evaluating the one-nucleon loop, which turns out to be

[25,29]

1 -
V(o) = —— [(MN —g,0)*In (1 _& ") + M3g,0 — ;M}’Vgga?

T 4r? My
13 25
+?szg303 — Egia“] : (18)
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The chemical potentials of nucleons and electrons are defined as

. 1
Hp = Hp + uwo + Engo,o, (19)
1
Pn = o + oo — EngO,m (20)
. 1/2
pe = [(k5)* +ml] " (21)

In above equations, k%, k% and k§ are the Fermi momenta of proton, neutron and electron,
respectively. The total baryon number density p = pf + p§; the electron density p® =
(k%)?/37. The non-linear meson equations of (7) ~ (9) are solved self-consistently in a

numerical procedure with respect to the constraints of the charge neutrality
R= (22
and the f-equilibrium
P = pip + fle- (23)

The total energy density and pressure of the system can then be calculated by means of

the following formula

€= %mﬁaz + %mf,w?, + %mﬁRS,O

e L e L~y | PR (2)
p=—gmlo® + mZu} + TmiR,

b T g |02 - kg + Jmin (RS

s |57 e = Stk + S (£ (o) (25)

By setting £ = 0 in Egs. (5) and (6), one obtains the energies of nucleons and anti-
nucleons at zero momentum. The critical density p¢ for nucleon-anti-nucleon pair creation

is defined at F_ = My for k = 0.
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III. NEUTRON STAR MATTER AND STRUCTURE

The parameters of the model are fitted to the ground state properties of spherical nuclei
[28]. The RHAO set of parameters gives gZ2(My/m,)? = 229.67, g2(My/m,)? = 146.31,
g2(Mn/m,)? = 151.90. It leads to the nuclear matter saturation density po = 0.1513 fm =3
with a binding energy Eping = —17.39 MeV and a bulk symmetry energy a,,, = 40.4 MeV.

Fig. 2 depicts the binding energy per nucleon as a function of baryon density for pure
neutron matter, symmetric nuclear matter and neutron star matter. The corresponding
relations of pressure and energy density are given in Fig. 3. In all these calculations the
vacuum contributions have been taken into account. One can see that the equation of state
becomes much stiffer in the case of pure neutron matter and neutron star matter. We note
that the causal limit, p = ¢, is respected by the relativistic Hartree approach employed
here. Fig. 4 displays the potentials and the nucleon effective mass as a function of baryon
density. It can be found that the scalar potential approaches to saturation at high density
while the vector potential increases rapidly with the increase of density. Due to the ab-

sence of hyperons, the neutral p-meson field exhibits a monotonically increasing behavior.

Tt T 1 I - r U 1 I LI B | l/' 717 1 1

neutron star /
" — —— nuclear matter /
| —— - — neutron matter . -

A
o

Binding energy per nucleon (MeV)

0
| 1 1 1 I\l T —l-' ;/l 1 1 1 1 I 1 1 1 )|
0.0 0.1 0.2 0.3 0.4
Baryon density (fm)

FIG. 2. The binding energy per nucleon as a function of baryon density.
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FIG. 3. Equation of state p .vs. € of pure neutron matter, symmetric nuclear matter and
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FIG. 4. The nucleon effective mass, scalar potential, vector potential and vector-isovector

potential as a function of baryon density.
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FIG. 5. The single-particle energies of the positive-energy nucleon and the negative-energy

nucleon in neutron star matter.

In Fig. 5 we plot the single-particle energies of the positive-energy nucleon and the
negative-energy nucleon at zero momentum as a function of density in neutron star matter.
Since in neutron star matter pj is larger than pf, the neutral p-meson field Ry is negative
as can be seen from Egs. (9) and (13). Thus, in the positive-energy sector, the energy of
neutron is larger than that of proton while the situation becomes inverse in the negative-
energy sector (please see Eqs. (5) and (6)). Consequently, the critical density of the
pp pair creation p?? is smaller than that of the n# pair creation P& PP = 6.1 po and
pE* = 7.5 po. That means that the pp pair creation is energetically more favorable.

The structures and properties of neutron stars can be obtained by applying the equa-
tion of state to solve the Oppenheimer-Volkoff equation [30]. Fig. 6 shows the neutron
star mass as a function of central energy density. Since the hyperon degrees of freedom
are absent in the current model, the maximum mass of stars turns out to be M,,,, = 2.44

Mg, with the corresponding radius R = 12.75 km and the central density pee, = 5.0 po.
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FIG. 6. Neutron star masses as a function of central energy density.
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FIG. 7. Baryon density as a function of Schwarzschild radial coordinate.
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The peen is smaller than both two critical densities p and p%*. That means that the
spontaneous NN pair creation does not happen at single neutron star within the model
employed. In Fig. 7 we plot the density profiles of two neutron stars with the central
densities pg, = 5.0 po and 4.5 po, respectively. One can find that in the central core of

neutron star the density decreases moderately with the increase of Schwarzschild radial

coordinate.
IV. NEUTRON STAR COLLISIONS AND GAMMA-RAY BURSTS

We consider the following case of neutron star collision: Two identical neutron stars
with peen = 4.5 po (with the current EOS, it is related to M = 2.43 Mg and R = 13.0 km)
collide with each other. The impact parameter b stays between 0 and R, which determines
the factor of density enhancement. We assume that a compact object of average density
7.2 po is created in the reaction zone. The radius of the compact object is assumed to be
r = 1 km (case A) or r = 3 km (case B) depending on the values of b. Since at single
neutron star with p.., = 4.5 po the density at r = 1 km is 4.46 py and at r = 3 km is
4.18 po (see, Fig. 7), in case A the density is enhanced during neutron star collision by
a factor around 1.6 while in case B around 1.7. In both cases the pp pair creation will
happen while the contributions of the n7 pair creation is negligible (it contributes in at
higher density but does not affect our discussions). We define a Dirac momentum kp
which describes the negative-energy nucleons occupying the eigenstates of the Dirac sea
from the toppest level (the lowest-energy level) until the negative continuum (see, Fig. 1),
ie., E_ = —My in Eq. (6). At the critical density of pp pair creation p2¥ = 6.1 pg, the
potentials are: g,o = 556.8 MeV, g w, = 1183.0 MeV and 1/2g,Roo = —137.5 MeV.
Inserting those values into Eq. (6), one obtains the Dirac momentum £§ = 11.28 fm™'.
Similarly, at p = 7.2 po, g,0 = 578.9 MeV, g, wo = 1393.5 MeV and 1/2g,Roo = —150.8
MeV, which gives kp = 12.45 fm~1. We further define a momentum p,,,, at E_ = My,

which turns out to be

1 1
Pmaz = \/(gwwo - 'éngORO,O + g0 — 2MN) (gwwo - ingORO,O - g00> . (26)
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Based on the semi-classical phase-space assumption we then estimate the number of the
pp pairs whose energies are larger than the nucleon free mass at p = 7.2 pg as

Nogir = ém'?’ X ‘B?M =2.147r% x 10% (27)
pasr et 3 3’”‘2 - . -

Let us check whether most of the pp pairs can be emitted spontaneously. The rate of the
NN pair production per unit surface area and unit time, dNpeir/dSdt, has been calculated
in Ref. [27] for compressed matter. In the case of p = 7 po and tunnel distance d = 1
fm, the rate turns out to be 2.68 x 1072 fm~3. For case B of r = 3 km, the time needed
to emit the available pp pairs is t = 1.9 x 10'® fm = 6.3 x 1075 s, which is smaller than
the typical dynamical scale of NS-NS collision 7 ~ 103 s. If one assumes that 80% of
the produced anti-protons annihilate with protons in the surrounding medium and the
released energy is 2 GeV at each event, the total exploded energy E;,; turns out to be
5.5 x 10%! erg and 1.5 x 103 erg for case A and case B, respectively.

Some discussions are on time now. Neutron star collisions have repeatedly been sug-
gested in the literature as possible sources of y-ray bursts [31,32], powered either by v
annihilation or by highly relativistic shocks. In Ref. [22] Ruffert and Janka claimed that a
4-ray burst powered by neutrino emission from colliding neutron stars is ruled out. Here
we propose a new scenario caused by the strong interactions in dense matter. A large
number of anti-particles may be created from the vacuum when the density is higher than
the critical density for spontaneous particle-anti-particle pair creation. Such high den-
sity can be reached during the NS-NS collisions, BH-NS mergers, or even NS-NS mergers
when the merged binary neutron stars have large maximum densities. Some of produced
anti-particles can be ejected from the reaction zone due to violent dynamics. They may
be measured by detectors. Most of them will undertake dynamical procedure and anni-
hilate with the corresponding particles at the ambient medium, and thus release a large
amount of energy. As a first step we have discussed the pp pair creation in two neutron
star collision since its critical density is lower than that of other baryons. Our calculations
show that the exploded energy satisfies the requirement of the initial energy of the most

energetic GRBs observed up to now. The variation of the released energies of different
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GRBs can be attributed to the different impact parameters of colliding neutron stars.
Those anti-protons, although produced spontaneously, annihilate during the dynamical
procedure with a random probability to collide with protons. This leads to the observed
burst duration. Furthermore, the anti-protons annihilate later might be accelerated by
the photons produced by the nearby pp pair annihilation taking place earlier. This leads
to the high-energy anti-protons and, consequently, the high-energy photons. Some of
them may escape from the fireball before being distorted by the medium. Those escaped
high-energy photons can constitute the observed high-energy tail of y-ray bursts. We sug-
gest to measure the anti-proton spectrum, especially the high-energy anti-protons which
may not be produced via baryon-baryon scatterings during dynamics, from the identical

source of a y-ray burst, as a test of the proposed scenario.

. SUMMARY AND OUTLOOK

We have proposed a new scenario of vacuum discharge due to strong interactions in
dense matter as a possible source of y-ray bursts. Based on the meson-exchange model
we have estimated the exploded energy E,,; ~ 105! — 10% erg, which fits well into the
range of the initial energy of the most energetic y-ray bursts. For a more quantitative
study, one needs to introduce hyperon degrees of freedom [24] and even quark degree
of freedom [33] if one assumes that the center of neutron star is in quark phase. A
relativistic microscopic dynamical model like relativistic Quantum Molecular Dynamics
is highly desirable to simulate NS-NS collisions, NS-NS/BH-NS mergers. Works on these

aspects are presently underway.
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