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ABSTRACT

A spinar is a quasi-equilibrium collapsing object whose equilibrium is maintained
by the balance of centrifugal and gravitational forces and whose evolution is deter-
mined by its magnetic field. The spinar quasi equilibrium model was recently discussed
in the context of extralong X-ray plateu in GRB (Lipunov & Gorbovskoy, 2007).

We propose a simple non stationary three-parameter collapse model with the de-
termining role of rotation and magnetic field in this paper. The input parameters
of the theory are the mass, angular momentum, and magnetic field of the collapsar.
The model includes approximate description of the following effects: centrifugal force,
relativistic effects of the Kerr metrics, pressure of nuclear matter, dissipation of an-
gular momentum due to magnetic field, decrease of the dipole magnetic moment due
to compression and general-relativity effects (the black hole has no hare), neutrino
cooling, time dilatation, and gravitational redshift.

The model describes the temporal behavior of the central engine and demonstrates
the qualitative variety of the types of such behavior in nature.

We apply our approach to explain the observed features of gamma-ray bursts of all
types. In particular, the model allows the phenomena of precursors, x-ray and optical
flares, and the appearance of a plateau on time scales of several thousand seconds to
be unified.

Key words:
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and Processes, gamma-rays: bursts — Sources as a function of wavelength, gamma-
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1 INTRODUCTION

.

The interest toward magneto-rotational collapse has in-
creased appreciably in recent years in connection with the
gamma-ray burst problem. It is now believed to be highly
likely that long gamma-ray bursts may be associated with
the collapse of a rapidly rotating core of a massive star
and short gamma-ray burst are most likely to be results
of the coalescence of neutron stars, which can be viewed
as the collapse of a rapidly rotating object. We already
pointed out in our earlier papers (Lipunova, 1997, Lipunova
& Lipunov, 1998) the likely multivariate nature of, e.g., the
coalescence of two neutron stars or neutron stars and black
holes (“mergingology”), which may give rise to various forms
of the temporal behavior of gamma-ray bursts. This is pos-
sibly corroborated by the recent complex classification of
gamma-ray bursts (Gehrels et al., 2006).

Moreover, observations of the so-called precursors and
x-ray flare certainly point to the complex nature of the op-
eration if their central engines (Lazzati, 2005; Chincarini et
al., 2007). ROTSE (Quimby et al., 1996a,) and MASTER
(Lipunov et al., 2007) facilities observed optical flares in a
number of cases.

All this triggers (mostly numerical) theoretical studies
of collapse with the dominating role of rotation. Numerous
attempts have been undertaken in order to incorporate ef-
fects due to rotation and magnetic fields in numerical com-
putations, which are very difficult to understand intuitively
and at the same time are extremely approximate because
of the complex nature of the problem (Gehrels et al., 2006,
Moiseenko et al., 2006; Duez et al., 2005, 2006).

Recently, (Lipunov & Gorbovskoy 2007) showed that
spinar paradigm naturally explains not only the phe-
nomenon of early precursors and flares, but even extraor-
dinarily long x-ray plateaux.
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Figure 1. Schematic view of the collapse of the rapidly rotating
magnetized core of a massive star. Gray and black shaded areas
show the envelope and core of the star, respectively. Before the
collapse the size of the star is on the order of several solar radii and
its iron core is one hundred times smaller (stage A). During the
collapse centrifugal forces increase most rapidly, resulting in the
formation of a spinar (stage B). Its formation is accompanied by
anisotropic release of energy. Because of the dissipation of angular
momentum the spinar decelerates and contracts (stage C). Its
luminosity increases and a new jet forms whose energy release
reaches its maximum near the gravitational radius. Depending on
the core mass, the process results in the formation of a neutron
star or an extremely rotating black hole.

In this paper we propose a pseudo-Newtonian theory
of collapse based on a simple analytical model, which allows
the maximum number of physical effects to be incorporated.

We use our model to interpret the data of observations
of precursors (Lazzati, 2005), X-ray flares (Chincarini ey al.,
2007), and some interesting gamma-ray bursts.

2 THE SPINAR MODEL.

The importance of incorporating magneto-rotational effects
in collapse models was first pointed out in connection with
the problem of quasar energy release and evolution (Hoyle
and Fowler, 1963; Ozernoy, 1966; Morison, 1969; Ozernoy
and Usov, 1973), and that of the ejection of supernova shells
(Bisnovaty-Kogan; 1971, LeBlance & Wilson 1970).

In particular, it was pointed out that the collapse of a

star having substantial angular momentum may be accom-
panied by the formation of a quasi-static object – a spinar
– whose equilibrium is maintained by centrifugal forces. Os-
triker (1970) and Lipunov (1983) assumed the existence of
low-mass spinars with close-to-solar masses. Lipunov (1987)
made a detailed analysis the spin-up and spin-down of
spinars in the process of accretion.

Lipunova (1997) developed a spinar model incorporat-
ing relativistic effects (which include the disappearance of
magnetic field during the formation of a black hole), gave
an extensive review of the research on the spinar theory, and
tried to apply the spinar model to the gamma-ray event.

A spinar can be viewed as an intermediate state of a
collapsing object whose lifetime is determined by the time
scale of dissipation of the angular momentum. As Lipunova
& Lipunov (1998) pointed out, the centrifugal barrier could
explain the long (from several seconds to several hours) du-
ration of the process of energy release in the central engines
of gamma-ray bursts. It is remarkable that as it loses an-
gular momentum a spinar (unlike, e.g., a radio pulsar) does
not spin-down, but, on the contrary, spins up and this ef-
fect results in the increase of luminosity, which is followed
by the luminosity decrease because of the disappearance of
magnetic field, relativistic effect of time dilatation, and grav-
itational redshift near the event horizon.

Lipunova (1997) analyzes a model of a spinar in vac-
uum, which is justified for two neutron stars. However, in the
case of a collapse of a core of a massive star the spinar is sur-
rounded by the star’s envelope and matter outflowing from
its equator. We analyzed the interaction of a spinar with the
ambient plasma in our earlier paper Lipunov (1987), from
where we adopt the law to describe the dissipation of the
spinar angular momentum .

Recently, Lipunov & Gorbovskoy (2007) developed a
stationary spinar model, which allows for relativistic effects
and maximum possible dissipation of the angular momen-
tum of the spinar.

Below we abandon the quasi-stationary analysis and
construct a non-stationary model of rotational collapse.

3 SPINAR SCENARIO OF
MAGNETO-ROTATIONAL COLLAPSE.
COLLAPSE OF A RAPIDLY ROTATING
CORE.

Let us now qualitatively analyze the magneto-rotational col-
lapse of a stellar core of mass Mcore and effective Kerr pa-
rameter (Thorne et al., 1986)

a0 ≡ Iω0c

GM2
core

(1)

(here I = kMcoreR
2
0 is the moment of inertia of the

core; ω is the angular velocity of rotation, and c and G are
the speed of light and gravitational constant, respectively),
and magnetic energy Um.

In the case of conservation of the core angular momen-
tum (which, of course, will be violated in our scenario), a
remains constant.

Let αm be the ratio of the magnetic energy of the core
to its gravitational energy:
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Figure 2. Qualitative variation of the characteristics of a gamma-
ray burst and the accompanying phenomena shown on the mag-

netic field — effective Kerr parameter diagram.

αm ≡ Um
GM2

core/RA
(2)

The total magnetic energy can be written in terms of
the average magnetic field B penetrating the spinar:

Um =
B2

8π

4

3
πR3 =

(
1

6

)
B2R3 (3)

Note that in the approximation of magnetic flux con-
servation (R2 = const), the magnetic-to-gravitational en-
ergy ratio remains constant during the collapse: αm =
const, Um ∝ R−1 without considering general-relativity ef-
fects.

Let the initial Kerr parameter a0 > 1. In this case,
direct formation of a black hole is impossible and the process
of collapse breaks into several important stages (see Fig.1.):

A). Loss of stability by the core and free fall The
time scale of this stage is on the order of the free-fall time

TA =

√
R3
A

GMcore
∼ 100s (4)

where RA is the initial radius of the stellar core. Energy
is virtually not radiated during the collapse, and gravita-
tional energy transforms into kinetic, rotational, and mag-
netic energy of the core.

B). Halt of the collapse by centrifugal forces. Cen-
trifugal forces stop free-fall collapse at the distance where

ω2RB =
GMcore

R2
B

(5)

It follows from this that the initial spinar radius is ap-
proximately equal to:

RB = a2GMcore/c
2 = a2Rg/2 (6)

In this process, half of the gravitational energy is re-
leased:

EB =
GM2

2RB
− GM2

RB
≈ GM2

2RB
=

1

2a2
Mcore c

2 (7)

if the energy is sufficient to “penetrate” the stellar en-
velope, i.e., if the momentum imparted to a part of the shell

exceeds the momentum corresponding to escape velocity. Let
a part of the energy be converted into the energy of the jet
(βEj = βEB)

βEB
vj

> θ2
BMshell

√
2GM

Rshell
(8)

In this case a burst of hard radiation occurs.
We now substitute the burst energy (formula (7)) and

spinar radius (6) into condition (8) to derive the “penetra-
tion” condition for the first jet:

1 < a0 <
1

θ2
B

Mcore

MShell

C

Vp
(9)

where Vp is the escape velocity at the sur-
face of the stellar envelope. In real situations
Vp = 2000 − 3000 km/s, Mcore

MShell
∼ 1

10
− 1

3
, and

almost everything is determined by the jet opening angle.
This simple estimate shows that the first penetration is
highly likely even in the case of a large jet opening angle.

Because of the axial symmetry, the burst must be di-
rected along the rotation axis and have an opening angle of
θ2
B. The duration of this stage is determined by the time it

takes the jet to emerge onto the surface (Rshell ∼ 10− 30s)
and the character of cooling governed by the structure of
the primary jet and envelope.

The gamma factor of a jet emerging at the surface of
the star can be approximately estimated using the energy
conservation law (see a review by Granot, 2007):

Ejet ≈ Γ2θ2
BMshellc

2 and Γ ∼ E
1/2
50 θ−1

B

(
Mshell

M�

)−1/2

(10)

Here E50 = EB/1050 erg/s – jet energy.
The character of the spectrum is determined by the

gamma factor of the jet.
If the initial Kerr parameter is large (a � 1) then en-

ergy EB � Mcorec
2 and the emerging jet is nonrelativistic

allowing the event in question to be viewed as a precursor
like it was done by Ramirez-Ruiz et al. (2002) and Wang
& Meszaros (2007). Its spectrum can be estimated by the
blackbody formula (eq. 16 in Wang & Meszaros, 2007):

T ∼ 15L
1/8
50 R

−1/4
11 Kev

If the initial Kerr parameter is close to unity then the energy
of the burst is high and the jet acquires a high gamma factor
after penetration so that the flare should be interpreted as a
gamma-ray burst. Although the jet that penetrates the star
may be subrelativistic, however, a higher gamma-ray factor
jet is to flood the already formed channel (the central en-
gine continues to operate!). It is this evolved jet that should
produce the gamma-ray burst provided that the spinar size
is close to the gravitational radius.

We do not discuss the parameters of the jet, because
this issue been addressed repeatedly by different authors (
see reviews by Granot (2007) and Piran (2005)).

Only future numerical computations will make it pos-
sible to accurately determine the degree of anisotropy, i.e.,
e.g., the jet θ2

B .
However, here we try to estimate the degree of

anisotropy by determining the fraction of the spinar surface
occupied by open field lines. Let us assume for a moment
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that the spinar has a dipole moment equal to µ. Let us de-
termine the Alfven radius RAlfven of the jet from the condi-
tion of the balance of the jet ram pressure and magnetic-field
pressure:

LB
(θ2
BR

2c)
∼ µ2

8π R6
(11)

We use this formula to derive the Alfven radius:

RAlfven ∼ θ1/2
B (cµ2/2Lb)

1/4

We further assume that µ = BR3/2, where B is the intensity
of magnetic field at the pole of the spinar, to obtain

RAlfven ∼ 3× 108cm(θB/0.01)1/2B
1/2
15 R

1/2
7 R7L

−1/4
50 � R7

Here B15 = B/1015Gs,R7 = RB/107cm.
It is evident that all field lines passing inside this radius

are closed. We use the approximation of the dipole field line
equation to determine the size of polar regions enclosing
open field lines:

θpolar ≈ (RB/RAlfven)1/2 ≈ 0.03(θB/0.01)1/4B
1/4
15 R

1/4
7 L

−1/8
50 � 1

Thus only 0.1% of the spinar surface participate in the for-
mation of the jet, implying a very high degree of anisotropy
of the process considered.

The newly formed spinar then evolves until its collapse
without losing its axial symmetry.

C). Dissipative evolution of the spinar The spinar con-
tracts as its angular momentum is carried away. Note that
this process is accompanied by the increase of the velocity
of rotation and luminosity of the spinar. At the same time,
the magnetic dipole moment decreases and the luminosity
stops increasing and begins decreasing. The energy release
curve acquires the features of a burst.

The duration of this stage is determined by the moment
of forces that carry away the angular momentum of the col-
lapsar. In real situations turbulent viscosity and magnetic
fields may play important part in the process.

The corresponding dissipation time scale (the spinar life
time) is:

tC = IBω/Ksd (12)

where Ksd is the characteristic torque of dissipative
forces. It is clear that under the most general assumptions
about the character of magnetic field the spin-down torque
must be proportional to the magnetic energy of the spinar:

Ksd = κtUm (13)

where κt is the dimensionless factor that determines how
twisted magnetic field lines are via which the angular mo-
mentum is dissipated.

Correspondingly, the total time scale of the dissipation
of angular momentum (spinar lifetime (9)) is equal to:

tC ∼ Iω

Um
∼ GMcorea

3
0

c3αmκt
(14)

D). Second burst Energy is released during dissipation,
and the rate of this process increases progressively until gen-
eral relativity effects — redshift and disappearance of mag-
netic field come into play.

As the luminosity increases, at a certain time instant
the conditions of shell penetration (similar to condition (8))
become satisfied:

ED
c

> θ2
DMshell

√
2
GM

Rshell
(15)

A second jet appears whose intensity reaches its maximum
near the gravitational radius. Note that the effective Kerr
parameter tends to its limiting value for the extremely ro-
tating Kerr black hole: a→ 1.

The maximum luminosity can be written in terms of
the dissipation of rotational energy near the gravitational
radius:

LD =
M Rg2 ω

αM c2
∼ αm c

5

G
(16)

It is better to write the condition of the penetration for the
second jet in terms of pressure inequality:

LD
θ2
D cR

2
>
GM2

R4
(17)

Note that c5

G
= 1059erg/s is the so-called natural luminosity.

Of course, formula (15) does not include gravitational
redshift, decay of magnetic field, etc.

The time scale near the maximum is:

TD ∼ McoreRg
2ω

Um
=
GM a3

c3αm
(18)

Further fate of the star depends on its mass. If the mass
exceeds the Oppenheimer–Volkoff limit the star collapses
into a black hole. Otherwise (Lipunova & Lipunov, 1998) a
neutron star forms, which cools after 10 seconds, continues
to spin down in accordance with the following formula

K = µ2/R3
l (19)

where µ is the magnetic dipole moment and Rl = c/ω
is the radius of the light cylinder, and radiates as a common
pulsar. In the case of constant magnetic field the luminosity
of the pulsar should decrease in accordance with the follow-
ing law:

L =
µ2ω

R3
l

∼ t−2 (20)

In the case of a coalescence of two neutron stars or a
neutron star and a black hole the first stage (stage A) is
very short, because the “fall” begins at a distance of several
gravitational radii. Because of gravity-wave losses the com-
ponents of the binary first approach each other to the radius
of the last stable orbit and then merge to form a spinar. A
small burst may occur at the time of stellar merging imme-
diately before the spinar forms. This burst has the energy
of:

∆E =
G (M1 +M2)2

RB
−GM

2
1

R1
−GM

2
2

R2
∼ 0.1(M1+M2)c2(21)

The qualitative picture of magneto-rotational collapse con-
sidered here can be illustrated by the following scheme (see
Fig. 2.) in the coordinates Um and a — the effective Kerr
parameter.

The proposed scenario allows easy interpretation of the
precursors and flares. In the case of large angular momentum
(a� 1) the initial radius is large and, correspondingly, the
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energy release rate is low, allowing stage B to be interpreted
as a precursor.

In the case of low angular momentum (a >∼ 1) the
initial spinar radius is close to several gravitational radii and
stage B must be interpreted as a gamma-ray burst, whereas
the subsequent spinar burst D must be interpreted as a flare
event.

It is remarkable that the time interval between the two
bursts is always determined by the duration of dissipation
of angular momentum (14), and, consequently, a rest-time
measurement immediately yields a relation between the Kerr
parameter and the fraction of magnetic energy:

αm
a5

0

=
∆tc5

GMcoreκt
∼= 10−6 M

10M�
∆t−1

2 κt (22)

where ∆t2 = ∆t/100s.
Correspondingly, the characteristic magnetic field at the

collapse time (near Rg) is equal to:

B =
(

Rg

Rcore

)−2
√
αmGM2

6R4
core

≈ 2·1015Gs·α1/2
−6

(
Mcore

M�

)−3/2

(23)

where α−6 = αm/10−6.
The proposed scenario allows the observed variety of

gamma-ray bursts, precursors, and flares to be reduced to
just two parameters: magnetic field and initial angular mo-
mentum.

Let us considered firstly two upper line of the diagram
(Fig.2). In the case of weak magnetic field and large angular
momentum (the right side of the middle line) the first burst
is weak (because of the high centrifugal barrier) and the
resulting jet does not penetrate the stellar envelope – there
are no precursors to be observed. This is followed by slow
collapse (magnetic field is weak), which results in a weak x-
ray rich burst. As the initial angular momentum decreases
(we move leftward in the diagram along middle line) the
energy released at the centrifugal barrier increases and the
jet becomes capable of “penetrating” the stellar envelope.
The first burst should act as a precursor. The precursor
should be separated from the gamma-ray burst, because the
time scale of the dissipation of angular momentum is long
in the case of a weak field. As angular momentum decreases
(we move further leftward along the horizontal middle line)
the precursor energy increases and at a >∼ 1 the precursor
energy exceeds 1051−52erg and it shows up as a gamma-
ray burst with the subsequent collapse of the spinar leading
to X-Ray flare or an X-ray plateau event (the bottom-line
Lipunov & Gorbovskoy, 2007) with more weak field.

In the case of even stronger magnetic field, the flare ap-
proaches a gamma-ray burst, its energy grows and the flare
itself becomes a part of the gamma-ray burst (the top-left
corner). If we move rightward, angular momentum grows
and the first flare loses energy and becomes a precursor
close to the second flare, which, in turn, actually becomes a
gamma-ray burst.

In the case of very large angular momentum (the top-
right corner) the energy of the precursor is insufficient for
penetrating the envelope and we have a burst without satel-
lites. The duration of energy release increases with decreas-
ing strength of magnetic field and the burst becomes softer
(we come to the bottom-right corner) and turn into isolated
long X-ray plateau.

[ht]

Figure 3. Computation of the collapse of a 7 solar mass core with
effective Kerr parameter a0=6 and magnetic-to-gravitational en-
ergy ratio αm=10−4. From top to down: energy release as viewed
by an infinitely distant observer, radius, effective Kerr parameter,
and the average magnetic field strength.

4 ONE POINT PSEUDO-NEWTONIAN
NONSTATIONARY SPINAR MODEL OF
THE MAGNETO-ROTATIONAL COLLAPSE.

The aim of our model is to provide a correct qualitative
and approximate description of magneto-rotational collapse,
which would allow us to follow the evolution of the rate of
energy release of the collapsing object and demonstrate the
diverse nature of the central engine. Note that the spinar is
born and dies in a natural way as a result of the solution of
nonstationary problem.
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Let us assume that at the initial time instant we have a
rotating object (it may be a core of a massive star that has
become unstable, or a merged neutron star, or the massive
disk around a black hole). The object has the mass of ,
radius Rcore, angular momentum Iω, dipole momentum µ0,
and Kerr parameter a0.

a). Dynamic Equation

We write the equation of motion in the post-Newtonian ap-
proximation:

d2R

dt2
= Fgr + Fc + Fnuclear + Fdiss (24)

where Fgr is the gravitational acceleration, Fc, the centrifu-
gal acceleration, and Fnuclear, the pressure of matter.

Several attempts have been made to propose a pseudo-
Newtonian potential to simulate the Kerr metrics (see Arte-
mova et al., 1996 ). In our model we use effective acceleration
in the form proposed by Mukhopadhyay (2002) for particles
moving in the equatorial rotation plane:

Fgr = −GM
x3

(x2 − 2ax+ a2)2

(
√
x(x− 2) + a)2

(25)

where x = 2R/Rg . This formula corresponds to the po-
tential of Paczynski & Wiita (1980) for a nonrotating black
hole.

Next terms:

Fc = ω2R (26)

Fnuclear =
1

ρ

dP

dr
≈ P

ρR
(27)

Pressure of gas, which includes thermal pressure, can
be written as kinetic energy of particles computed using rel-
ativistic invariant (Zel’dovich, Blinnikov, Shakura 1980):

P ≈ ρ(
√
c4 + bρ2/3 + (Q/M)2 − c2) (28)

The second and third terms under the radical sign al-
low for the pressure of degenerate gas and thermal energy,
respectively.

Let us now rename constant b:

b =
(

4π

3

)2/3

G2M
4/3
Class (29)

We actually use the formula for the pressure of partially
degenerate Fermi gas with the contribution of thermal pres-
sure. It is clear that the equation of real nuclear matter
cannot be described by such a simple formula. However,
we managed, by fitting appropriate values of constant b,to
obtain neutron stars with quite plausible parameters (see
Appendix 1). By varying constant b we can, in particular,
vary the Oppenheimer—Volkoff limit for cool nonrotating
neutron stars. We put MOV = 2M� in this paper for cool
nonrotating neutron stars.

Of course, one must bear in mind that the real
Oppeheimer—Volkoff limit depends both on the velocity
of rotation of the neutron star and on its thermal energy
(Friedmann et al., 1985 ). In our model this dependence is
qualitatively consistent with the numerical results obtained
earlier.

We finally introduce dissipative force Fdiss:

Fdiss = − 1

τ

(
dR

dt

)
(30)

It is clear from physical viewpoint that after reaching
the centrifugal barrier the core undergoes extremely strong
oscillations with a time scale of 1/ω. This process is ac-
companied by the redistribution of angular momentum and
complex nonaxisymmetric motions, which must ultimately
result in the release of half of the gravitational energy and
formation of a quasi-static cylindrically symmetric object
— a spinar. A detailed analysis of this transition is beyond
the scope of our simple model. We just introduce a damping
force assuming that its work transforms entirely into heat so
that our model correctly describes the total energy release
during the formation of the spinar, but is absolutely unable
to describe the temporal behavior at that time. We actually
assume that:

τ = 2πχ/ω (31)

Throughout this paper, χ = 0.04 unless otherwise indi-
cated.

b) Angular momentum loss equation

The decrease of the angular momentum of the spinar (col-
lapsar) is due to the effect of magnetic and viscous forces.
In this paper we assume that dissipation of angular momen-
tum is due to the effective magnetic field. In this case, the
breaking torque in a disk-like object is equal to (see Lipunov,
1992)

K =

∞∫

Rmin

BzBφ dS

4π
=

1

2

∞∫

Rmin

BzBφRdR, (32)

where Bz and Bφ — z and φ are the components of
magnetic field.

We now introduce the magnetic moment µ of the spinar.
Hereafter, for the sake of simplicity, we write our equations
as if the spinar had a dipole magnetic field. However, our
equations remain unchanged if we simply use some average
magnetic field of the spinar and characterize this field by the
spinar magnetic energy Um mentioned above. This is true
for the breaking torque that we use below.

Let BzBφ = κtBd, where Bd = µ
R3 is dipolar strength

of the magnetic fields. The breaking torque is then equal to
(see Lipunov, 1987, 1992 see below)

K = κt
µ2

R3
t

, (33)

where κt ∼ 1 and Rt is the characteristic radius of in-
teraction between the magnetic field and ambient plasma:

Rt = RAlfven is the Alfven radius (Propeller)

Rt = Rc =
(
GM
ω2

)1/3
is the corotation radius (Accretor)

Rt = Rl = c
ω

is the radius of the light cylinder (Ejector)

(34)

In the case of a spinar the Alfven radius is smaller than
or on the order of the stellar radius and is of little importance
in the situation considered.

In the case of a collapsing core the effective interac-
tion radius must be close to the corotation radius, which,
in turn, is close to the spinar radius in accordance with tits
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equilibrium condition. Therefore the retarding torque can
be written as:

K =
κtµ

2ω2

GM
=
κtµ

2

R3
B

(35)

And the corresponding dissipation time scale is:

TC =
IBω

2

µ2/R3
B

(36)

Hence the equation of variation of the spinar angular
momentum becomes (Lipunov, 1987):

dIω

dt
= − µ

2

R3
c

= −κtµ
2ω2

GM
(37)

Some authors (Woosly, 1993; Narayan et al., 2001) con-
sider a situation where accretion continues onto the newborn
black hole at a rate of up to 10−1M/yr. In just the same
way accretion may continue onto the spinar. The equation
of the variation of the angular momentum of the an accreting
spinar was first derived by (Lipunov, 1987 equation 123):

dIω

dt
= − µ

2

R3
c

= −κtµ
2ω2

GM
+
•
M
√
GMR

where
•
M is the disk-accretion rate. It was shown in the same

paper that accretion dose not change dramatically spinar
evolution and hereafter we neglect accretion. The effect of
accretion should always be important if the accretion time
is much shorter than the time scale of dissipation of angular
momentum, tacctretion ∼ Mcore

•
M

< TC However, in this case

the very process of accretion is the process of the formation
of the spinar. Note that our scenario differs substantially
from that of Woosley (1993), who considers accretion to be
of importance, because it is the process that determines the
energetics of the gamma-ray burst. A spinar is a collapsing
(but not a collapsed!) stellar core.

In other words, a spinar is by itself an “accretion disk”.
Of course we may complicate the model in the future, but
we prefer to stop our coarse (but physically transparent)
approximation here and ignore accretion.

The retarding torque written in this form gives the ab-
solute upper limit for the possible spin-down of the spinar.

If the mass of the spinar is below the Oppenheimer—
Volkoff limit, a neutron star forms ultimately, which spins
down in accordance with the following magnetodipole for-
mula:

dIω

dt
= −κt µ

2

R3
l

(38)

c). Magnetic Field Evolution

As is well known (Ginsburg and Ozernoy, 1963) magnetic
field must disappear in the process of collapse.

In the Newtonian approximation in the case of
magnetic-flux conservation, the dipole moment behaves as:

µ ∼ BR3 ∼ BR2R ∼ R (39)

With relativistic effects taken into account, magnetic
field vanishes not at zero, but when the star reaches the
event horizon. Manko and Sibgatullin (1992) computed the
evolution of the dipole magnetic field of a rotating body (in
the Kerr metrics).

We can use the following simple formulas as the first
approximation:

µ = µ0
R −Rmin/2

R0 −Rmin/2
(40)

Here Rmin is the equatorial radius of the event horizon.
Given that R0 � Rmin , this formula correctly describes
the behavior of the dipole moment and yields zero magnetic
field at the event horizon.

However, this law implies too fast decrease of magnetic
field and we use the following modified law of magnetic-field
decay adopted from Ginsburg and Ozernoy (1963):

µ ∼ µ0

(
R0

R

)2 ξ(x0)

ξ(x)
(41)

where ξ(x) = xmin
x

+
x2

min
2x2 + ln

(
1 − xmin

x

)
and xmin is

the radius of horizon for current Kerr parameter.
In this paper we neglect the effects of generation of mag-

netic fields.

d).Energy losses

.
The release of energy in the process of collapse is ini-

tially due to the dissipation of kinetic energy of the impact
onto the centrifugal barrier and to spinar spin-down due to
magnetic forces:

L0 =
1

τ
M
(
dR

dt

)2

before the formation of the spinar (42)

L0 =
µ2

R3
min

ω after the formation of the spinar (43)

Where invariably Rmin = Rc if the core mass exceeds
the Oppenheimer—Volkoff limit.

A distant observer would record lower luminosity be-
cause of gravitational redshift and time dilatation.

We adopt the following observed luminosity:

L∞ = α2L0 (44)

where α is the time dilatation function — the ratio of
the clock rate of reference observers to the world time rate
at the equator of the Kerr metrics (Thorne et al., 1986):

α =

√
x2 + a2 − 2x

x2 + a2
(45)

If the core mass is below the Oppenheimer—Volkoff
limit, the spinar ultimately evolves into a neutron star and
its luminosity is given by the following magnetodipole for-
mula:

L0 = κt
µ2

R3
l

ω (46)

We finally consider the case where rotation is so slow
that the spinar does not form at all.

In this case direct collapse occurs. We pointed out above
that Lipunova (1997) was the first to address the problem of
electromagnetic burst with the allowance for general relativ-
ity effects. In the case of direct collapse rotational motion is
of no importance, because the star makes less than a single
rotation before it is under the event horizon.
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8 V.Lipunov and E.Gorbovskoy

Figure 4. Operation of the central engine. Results of the computation of energy release (luminosity-time in logarithmic coordinates)
during the collapse of 7 M� stars.

However, this case is characterized by large radial vari-
ation of the dipole moment:

L =
2

3c2

(
dµ

dt

)2

(47)

To convert this value into the observed luminosity we
must take into account gravitational redshift and the Dopple
effect due to the emitter falling in a virtually Schwartzshiel-
dian metrics (Lipunova, 1997).

5 COLLAPSE OF A MASSIVE CORE
(M >MOV ).

Let us first consider the case where the core mass exceeds
substantially the Oppenheimer—Volkoff limit. We adopt the
initial core mass of 1000Rg as the initial conditions for our
set of differential equations. Figure 3 shows the computed
variation of the radius, Kerr parameter, and average mag-
netic field for several arbitrary initial core parameters as
functions of proper time (without the allowance for the time
dilatation factor). Diagram 4 shows the computed evolution

of the central engine for a wide range of models. Let us em-
phasize several important points. First, the collapse of such
cores ends by the formation of an extremely rotating Kerr
black hole. Of course, this event shifts to infinitely distant
time in the rest frame.

The diagram (Fig.4) fully corroborates our qualitative
scenario (Fig. 2) and demonstrates a large variety of the time
scales and energies of precursors, gamma-ray bursts, and
flares. The results of computations of the energy release in
direct collapse (a0 < 1) confirms the short duration and low
power of the flare. Note that the total energy does not exceed
10−4Mc2 for almost all values of magnetic field. Evidently,
in this case the appearance of jets and of the gamma-ray
burst phenomenon is difficult to imagine. Such a collapse
would rather result in a common supernova event.

However, the events acquire an increasingly dramatic
turn with increasing moment. At a0 > 1 centrifugal forces
sooner or later exceed the gravitational forces, halt the col-
lapse to give time and opportunity for enormous energy of
about ∼ 0.1Mc2 to be radiated during the halt of the col-
lapse. In this case a spinar is born and the relativistic jet
penetrates the envelope of the star and triggers a gamma-
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ray burst. The magnitude of the first burst depends on the
initial spinar radius exclusively, which to a first approxima-
tion is determined only by the moment, as is evident from
the diagram. All systems in the same column have the same
burst energy. Magnetic field then takes the reigns of gov-
ernment and determines the rate of dissipation of angular
momentum and becomes the main factor to determine fur-
ther evolution of the core. As magnetic moment decays, the
core radius decreases and magnetic luminosity increases un-
til it reaches its maximum (at R ∼ Rg) whose magnitude is
determined by the magnetic field exclusively. This is also ev-
ident from the diagram. After that the luminosity decreases
abruptly because of relativistic effects near the event horizon
(decay of the field, gravitational redshift, and time dilata-
tion). It is the ratio of the energies of the first and second
flare that determines the entire zoo (all the variety) of flare,
precursor, and burst events. In the extreme case of a strong
magnetic field (Eq.23) and comparatively small momentum
(1 < a0 < 6) both flares are very short, narrow, and sepa-
rated by a short time interval of ∼1-10s. It is thus impossible
in this case to separate the burst from the precursor or flare
and we must view the event as a double gamma-ray burst.

If we move rightward on the diagram in the direc-
tion of increasing momentum the initial spinar radius in-
creases (for systems with ∼ 100Rg large precursors), the
gravitational energy released decreases, and the first flare
becomes weaker. We thus fall into the domain of precur-
sors: (αm ∼ 10−2 − 10−4, 10 < a0 < 20). The greater is
the angular momentum and the stronger the magnetic field,
the greater is the separation between the precursor and the
gamma-ray burst. Luminosity remains virtually constant be-
tween the precursor and the gamma-ray burst.

If, on the other hand, we move downward from the do-
main of double gamma-ray bursts, thereby decreasing the
magnetic-field strength, increasing the time interval between
the primary and secondary bursts, and decreasing the inten-
sity of the second burst, we come into the extended domain
of gamma-ray bursts (αm ∼ 10−4 − 10−7, 2 < a0 < 14).
If its initial angular momentum is comparatively small, the
spinar has an initial radius of ∼ 10Rg and the first burst
must be very powerful. Magnetic field, however, is weak and
the power of the second burst would suffice only to produce
X-ray flares. In the case of too weak fields (αm 6 10−7)
the second burst is virtually absent, allowing some bursts
(e.g., GRB070110 and GRB050904, see below for details) to
exhibit a long (∼ 104) x-ray plateau.

Finally, the bottom-right corner is occupied by the sys-
tems where the energy of neither the first nor the second flare
is too low for a gamma-ray burst. These cores (αm 6 10−6,
a0 > 14) may produce either an x-ray burst with a precursor
or unusual supernovas.

6 COLLAPSE OF A RAPIDLY ROTATING
INTERMEDIATE-MASS CORE (M >∼MOV )
(SUPERNOVA CASE).

As it was marked (Lipunova, 1997; Lipunova & Lipunov,
1998; Vietri & Stella, (1998) - a “supranova” scenario), as
Oppenheimer—Volkoff limit for fast rotating neutron star
is higher, then massive NS temporal formation is possible.

[!h]

Figure 5. Computation of the collapse of a 2.2M� star. The ini-
tial effective Kerr parameter and initial magnetic-to-gravitational
energy ratio are equal to a0 = 3 and αm = 10−4 respectively.

Having lost its rotational moment, the star collapse in to
the black hole.

For example let us consider a fast rotating core collapse
with mass 2.2M�. We should remind that, for distinctness,
we use the state equation with Oppenheimer—Volkoff limit
equal to 2.0 Solar masses (for non-rotational neutron star).

Practically, that means that, spinar equilibrium at last
stages of evolution is maintained both centrifugal and nu-
clear forces and may be by thermal pressure.

Fig.5 demonstrates the result of that core collapse cal-
culation. The heavy neutron star exists for about 100 sec-
onds. As magnetic momentum looses lead to rotation accel-
eration, its magneto-rotating luminosity after initial plateau
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10 V.Lipunov and E.Gorbovskoy

[ht]

Figure 6. Computation of the collapse of a 1.5M� star. The ini-
tial effective Kerr parameter and initial magnetic-to-gravitational
energy ratio are equal to a0 = 10 and αm = 10−3, respectively.

begins to decrease (the nuclear pressure doesn’t allow neu-
tron stars-spinar to compress strongly ).

But after near 100 seconds effective Kerr parameter be-
comes less than unity and relativistic effects result in rapid
direct collapse of neutron star into the black hole.

7 COLLAPSE OF A RAPIDLY ROTATING
LOW-MASS CORE (M <MOV ).

The collapse of a low-mass star is ultimately halted by the
pressure of degenerate matter. However, even in this case
fast rotation plays important part. In a number of cases,

a neutron star does not form directly, but first a spinar,
which then transforms into a neutron star losing angular
momentum. Such a collapse does not end by abrupt decrease
of luminosity (as in the cases considered above), but has a
long tail: L ∼ t−2.

In this example we consider the collapse of a 1.5M�
core into a neutron star (Fig.6). The process results in the
formation of a neutron star of radius ∼ 8.5Rg(38km). Thus
the problem acquires yet another characteristic radius —
RNS (the nonrotating neutron star radius).

If centrifugal forces less then nuclear pressure (RNS >
RSpinar), and this is quite possible with strong fields and
small angular momenta, the neutron star forms directly and
the light curve has only one maximum followed by a t−2

decrease due to uniform dissipation of the angular velocity
of the NS. Such systems are located in the bottom-left corner
of diagram (Fig.7). (αm > 10−3, a0 < 6).

If RNS < RSpinar, the process again acquires a two-
burst pattern. However, it does not resemble the collapse of
a massive core. This is due to the fact that if the radius of
the NS is ∼ 10Rg no second burst is to be expected near
Rg. Hence we have no systems with precursors and gamma-
ray bursts occur only in systems with small initial momenta
(a < 12).

Some systems with intermediate rotation and strong
field (αm > 10−4, 6 < a0 < 12) may produce a weak x-
ray flare. This flare is not observed in systems with small
angular momentum, because in these cases the height of the
plateau exceeds that of the flare.

In other cases the energy of any flare is hardly suffi-
cient for it to penetrate the envelope, and supernovas are
observed.

8 STATISTICAL PROPERTIES OF
PRECURSORS, FLARES, AND
GAMMA-RAY BURSTS.

An analysis of BATSE data (Lazzati, D., 2005) shows that
up to 20 percent of long gamma-ray bursts have precursors
preceding the trigger time by up to 200s. Chincarini et al.,
(2007) found about 30 flux increase events (optical flares)
from Swift observatory data.

There are no more doubts that at least a substantial
part of these phenomena are associated with the peculiari-
ties of the operation of the “central engine”.

8.1 Precursors.

Numerous observations of gamma-ray bursts show a com-
plex structure in their temporal behavior, which is impossi-
ble to explain in terms of a single burst, formation of a jet,
and development of a system of shocks in this jet. For exam-
ple, the model associated with the emergence of the tip of
the bow shock onto the star’s surface (Ramirez-Ruiz et al.,
2002; Waxman & Meszaros (2003)) can explain precursors
that are close to the time of the gamma-ray burst (GRB-
time), but not the early precursors preceding the main GRB
by 100− 200s (Xiang-Yu Wang & Meszaros, 2007). The lat-
ter authors proposed a model where early precursors appear
as a result of the fallback of a part of the star’s shell.
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Figure 7. Operation of the central engine. Results of the computation of energy release (luminosity-time in logarithmic coordinates)
in the process of the collapse of a core into a 1.5M� neutron star with different values of the effective Kerr parameter (a) and initial
magnetic-to-gravitational energy ratio (αm). We set the initial core radius equal to 1000Rg. The first and second flares correspond to the
formation of the spinar and neutron star, respectively. At the end of the process, energy release always begins to obey the magnetodipole
law corresponding to the spin-down of the neutron star, i.e., the pulsar. Computation of the collapse of a 1.5M� star. The initial effective
Kerr parameter and initial magnetic-to-gravitational energy ratio are equal to a0 = 10 and αm = 10−3, respectively.

Our proposed scenario naturally explains the phe-
nomenon of precursors and flares. In the case of large an-
gular momentum (a � 1) the initial radius is large and,
correspondingly, the energy release is low, allowing stage B
to be interpreted as a precursor phenomenon.

In this case, the following condition must evidently be
satisfied:

Tpre = TB = TGRB

(
RB
Rg

)3/2

= TGRB
EGRB
EB

= TGRB
T90GRB

T90Pre

θ2
GRB

θ2
Pre

(48)

where Tpre, TGRB , F90, and θ are the observed fluence, and

the jet opening angle of the gamma-ray burst or precursor,
respectively. Note that the slope of the latter relation does
not depend on the redshift of the gamma-ray burst.

In the model considered a precursor is defined as the ini-
tial energy release when centrifugal forces halt the collapse
of the core (stage B) in the case where

GM2/R�Mc2 (49)

The statistic properties of modeling precursors are presented
on Fig.8.
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12 V.Lipunov and E.Gorbovskoy

Figure 9. The observed GRB fluence-to-peak-luminosity ratio as a function of flare time (Fig. 9a) based on the data of Lazzati (2005)
supplemented with two interesting bursts GRB 060124 (Romano, P et al 2006) and GRB 041116 (Golenetskii, et al GCN2835). Theoretical
ratio for simulated gamma-ray bursts (Fig.9b) . In our computations we assume that the core mass is equal to 7M� the effective Kerr
parameter varies from 2 to 7, and magnetic energy lies between 0.01 to 10−7. The solid line is based on bursts, it corresponds rather
accurately to equation FluenceGRB

Fflare
= tflare.

[ht]

Figure 8. The gamma-ray burst time multiplied by the gamma-
ray-burst to precursor energy ratio as a function of precursor time.
The filled circles show BATSE data (Lazzati, 2002) and the data
for two outsending bursts: a short (GRB041116) and a long (GRB
060124) one. We use the fluence data and assume that the opening
angles of the precursors are equal to those of the corresponding
gamma-ray bursts. The crosses show the simulated gamma-ray
bursts with precursors computed for a 7M� core. The effective
Kerr parameter varied from 7 to 20 , and magnetic field, from
10−2to10−6 .

We see more or less good similarity between the artifi-
cial and observed precursors.

8.2 X-Ray Flares.

If the initial spinar radius RBis small, the energy release at
the time of its formation is sufficient to produce a gamma-
ray burst, and hence the first flare should be interpreted as
a gamma-ray burst, whereas the secondary release of energy

by the spinar can be interpreted as a flare. In this case the
energy of the gamma-ray burst is approximately equal to:

EGRB = EB ≈ GM2

2RB
=

(
1

2a2
0

)
Mcorec

2 (50)

The burst luminosity is

Lflare =
µ2
g

R3
g
ωg (51)

where µg and ωg are the magnetic moment and angular
velocity at the distance of Rg, respectively:

µg ∼ µ0
Rg

R0
ωg ∼ ω0

(
R0

Rg

)2

Hence the time gap between the gamma-ray burst and the
flare is equal to the spin-down time of the spinar at the
maximum radius:

tflare ∼ IBωR3
B/µ

2
B

Simple substitutions yield the following relation between the
observed flare parameters:

Lflare =
EGRB
tflare

(
RB
Rg

)5/2 ∼ EGRB
tflare

(
Mc2

EGRB

)5/2

(52)

We now substitute the observed quantities into the lat-
ter formula to obtain:

F luenceGRB
Fflare

=

(
θ2
flare

θ2
GRB

)(
Mc2

EGRB

)−5/2

tflare (53)

whereFflare is the maximum flux during the flare and
F luenceGRB is the total fluence of the gamma-ray burst.

In the latter relation EGRB is the only quantity that
depends on the distance to the gamma-ray burst. We can
therefore plot the observed relation F luenceGRB/Fflare =
function(tflare). Figure 9 shows the observed relation and
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Figure 10. Computed energy release during the process of col-
lapse with low angular momentum and weak magnetic field.

the relation simulated in our model. We adopt experimental
data from Chincarini et al. (2007). The straight line shows
approximate analytical relation (53) :

Figure 9b shows our computed models for the collapse
of 7-solar mass star with parameters:

2 < a < 20

10−7 < αm < 10−2

One can see that the observed and theoretical spectra
show similar trends for the part of the flares (inclined rect-
angle): they both grow toward (temporally) distant flares
with a comparable scatter. The scatter is mostly due to the
large factor, and the difference between the mean values is
due to the following ratio

(
θ2
flare

θ2
GRB

)(
Mc2

EGRB

)−5/2

∼ 10 (54)

When converting XRT observations we assumed that
1 count/s=10−10 (Sakamoto et al. 2006, GCN Report 19.1
02Dec06)

One must bear in mind, when comparing the observed
and simulated points, that BAT and XRT soft-ray detectors
operate in different energy intervals. XRT observations are
made in the energy interval 0.3 − 10keV , where absorption
may be important. In addition, the observed fluxes during
flares must be multiplied by a factor of five to seven, because
the spectrum has a power-law form and is much wider than
the XRT energy channel. Moreover, part of the flares (es-
pecially those with delays < 100s) can also be explained by
the emission of a system of shocks (reverse shock Chincarini
et al., (2007)).

All this leads us to conclude that the slope and scatter of
the average theoretical and observational curves agree well
with each other (for part of the flares) and the absolute
vertical shift may be due to the differences of the directivity
diagrams of the gamma-ray burst and optical flare, soft x-
ray extinction, and extrapolation of the power-law spectrum
to a wider energy interval.

[ht]

Figure 11. Experimental Swift X-Ray light curve of the long

curve on the x-ray plateau (Troja et al. (2007))and theoretical
model luminosity with parameters: Umag/Ug = 10−7 and effec-
tive Kerr parameter a = 2.0 (black line).

9 AN EXTRAORDINARY LONG X-RAY
PLATEAU GRB070110 AND GRB050904.

Two of several hundred gamma-ray bursts — GRB070110
and GRB050904 — do not fit the common scenario of the X-
Ray afterglow formation. Both bursts exhibit a long plateau
with a rest-frame duration of 6000 − 7000s. Troja et al.
(2007) associated such a long activity with the specifics of
the central engine and, in particular, with the formation of
a neutron star after the collapse of a low-mass core (with
the mass below the Oppenheimer—Volkoff limit).

We fully agree that such an unusual behavior of the X-
ray afterglow is due to the central engine, but we believe that
the plateau appears not as a result of the radiation of the
neutron star, but as a result of the activity of a spinar with
anomalously weak magnetic field. An hypothesis Troja, E.,
et al. (2007) associates the plateau with the collapse produc-
ing a neutron star – a radio pulsar – whose activity becomes
appreciable during the fading of the afterglow. We believe
this interpretation of the plateau to be too far fetched. The
intensity of the magnetodipole radiation, which is typical for
radio pulsars, decreases with time as t−2. The abrupt termi-
nation of the plateau stage remains completely unexplained
in the young pulsar model. The authors of this hypothesis
point out that the decrease of luminosity could be a result of
generation of the magnetic field. However, the last assump-
tion makes the model too complicated.

A plateau with a slight increase and abrupt decrease of
luminosity appears naturally in the spinar paradigm.

In our scenario a plateau is a flare with weak magnetic
field. In other words, in this case the gamma-ray burst cor-
responds to the halt of the collapse by centrifugal forces
at radius RB, and the plateau is an extended flare due to
magneto-rotational losses.

Let us first make some approximate estimates. The ini-
tial Kerr parameter is equal to:

A0 =
I ω c

GM2
(55)

The initial spinar radius is:

Rs =
a2GM

c2
=

1

2
a2 Rg (56)

The energy of the gamma-ray burst is
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Figure 12. Light curve and theoretically computed luminosity,radius , effective Kerr parameter, and magnetic field for GRB060926.
The initial parameter for theoretical computation is a0 = 7.6 and αm = 10−4.

EGRB =
1

2

GM2

Rs
=
Mc2

2a2
(57)

We derive from this relation the Kerr parameter:

a = EGRB/Mc2 (58)

The characteristic plateau duration is determined by
the time scale of the loss of the spinar angular momentum:

tplato = tflare =
IBωB

κt
µ2

R3
B

∼ GMa3

2κtc3αm
(59)

The luminosity of the plateau at its maximum com-
puted without the allowance for relativistic effects is:

Lplato(max) ∼ αmκt
4x

c5

G
(60)
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Figure 13. Computed collapse of a 7M� core. Qualitative il-
lustration of the fine structure of the temporal behavior of the
gamma-ray burst or multiple precursors.

We now use the observed plateau time to derive the
parameters of the collapse:

αm =
GMa3

2κtc3tplato
∼ 10−8

(
M

10M�

)
t−1
4 a3κ

1/3
t (61)

Figure 10 shows the theoretical curve of the luminosity
spinar evolution for different initial parameter. This spinar
light curve shows a characteristic plateau whose luminosity
and duration are totally consistent with experimental data
(Troja et al., 2007). So the plateau appears naturally in the
spinar model and it is a typical feature for the collapse of
a core with small angular momentum and weak magnetic
field, and may be find in many different cases.

To illustrate these points, we computed a best theoret-
ical light curve (αm = 10−7, a = 2.0) artificially supplying
additional self-similar radiation in accordance with the fol-
lowing law (Fig.11) and preview if with experimental data
given by Troja et al. (2007):

F = Ftheory + C1t
−2 + C2t

−1

10 GRB 060926

X-ray flares can sometimes also be observed at optical wave-
lengths. Let us try to explain the phenomenon of such a
flare in the gamma-ray burst GRB 060926, where an optical
flare was discovered along with the x-ray flare. We choose
this burst not only because we want to illustrate how spinar
paradigm works for flares observed both at x-ray and optical
wavelengths, but also because the optical radiation of this
burst was discovered by MASTER group whose members
include the authors of this paper.

Optical observations of the gamma-ray burst
GRB060926 recorded by Swift gamma-ray observatory
(Holland,S et al 2006) were performed with MASTER
telescope operating in an automatic mode under good
weather conditions (Lipunov et al 2006). The first exposure
started at 16:49:57 UT 2006-09-26, 76s after the gamma-ray
burst was recorded. We found in the first and subsequent
coadded frames an optical transient with the following
coordinates:

α = 17h35m43s.66
δ = 13d02m18s.3

[ht]

Figure 14. Show the radius of a nonrotating neutron star de-
pends on its mass for various values of parameter b that appears
in our equation of state.

err = ±0s.7′′

which agree with the coordinates of the optical transient
discovered by Holland et al. (2006) within the errors of our
observations. The results of the corresponding photometry
yielded the first data points on the light curve.

We found an optical flare event — after a short decrease
the brightness began to rise beginning with the 300th second
and reached its maximum near 500−−700s. Synchronous X-
ray flux measurements with Swift XRT show a similar event
(see Fig.12). Note that the absorption determined from x-ray
data corresponds to a column density of nH = 2.21021cm−2

of which nH = 71̇020cm−2 is Galactic absorption (Holland
et al. 2006). Given the redshift z = 3.208, the total absorp-
tion in our band is equal to three magnitudes. We natu-
rally assume that the dust-to-hydrogen ratio is the same as
in our Galaxy. A comparison of our optical measurements
with the x-ray fluxes measured by Swift XRT (Holland et
al. 2006) allowed us to determine the slope of the spectrum,
which we found to be constant within the errors and equal
to β = 1.0 ± 0.2:

F ∼ E−β[erg/cm2s eV ] (62)

The spectrum obtained agrees with the x-ray spectrum
within the errors (Holland,S et al 2006).

Such a phenomenon was already observed at least in
several cases: GRB060218A z=0.03 (Quimby et al, 2006a,
GCN4782) at the 1000th second, GRB060729 z=0.54 at the
450th second ( Quimby et al., 2006b,c GCN 5366,5377),
GRB060526 z=3.21 at the 188th second (Dai X. et al
2007), and also during the bursts GRB990123, GRB041219a,
GRB060111b (Wei D.M., 2007) , etc.

Note that the gamma-ray burst that we discuss here has
a redshift of 3.208 (V.D’Elia et al GCN5637). Figure 12b-e
shows the results of optical and X-ray observations of the
flare and of the theoretical computations of a spinar with
parameters a0 = 7.6 and αm = 10−4.

Note also that redshift dilates all time intervals by a
factor of (1+z) and therefore we show all experimental light
curves reduced to the rest-frame. We hence have to explain a
flare at the ∼ 100th second, which is about 50 times weaker
than the gamma-ray burst as we illustrate in Fig.12.
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Figure 15. The Oppenheimer—Volkoff limit as a function of pa-
rameter MClass see(eq.29) that appears in our equation of state
(28) for a nonrotating neutron star.

11 DISCUSSION

Our proposed non-stationary model developed in terms of
the Spinar Pardigm of magneto-rotational collapse is phys-
ically transparent. It takes into account all the main rela-
tivistic effects and allows their impact on the operation of
the central engine and on the accompanying events to be
estimated. It goes without saying that this model cannot
replace precise magnetohydrodynamic computations, but it
evidently helps to choose the inevitable simplifications for
such computations.

The central assumption in our model is that dissipa-
tion of the angular momentum of the collapsing core is due
to magnetic field. It is clear that turbulent viscosity and
generation of Alfven waves may play important part in the
real situation. However, on the one hand, no simple physical
model has so far been developed for these events and, on
the other hand, the magnetic field that we introduce can be
viewed as some effective parameter describing viscous loss
of momentum. We point out that although we use dipole
moment in our set of equations of motion, they actually do
not assume the dipole nature of the magnetic field. This re-
markable circumstance is due to the fact that the spin-down
torque µ2/R3

c that we use here coincides with the energy
of magnetic field, Um ≈ µ2/R3

c , for a spinar whose radius
is equal to the corotation radius R = Rc. By the way, this
fact proves that we adopted maximally effective spin-down
magnetic moment.

To reduce the number of initial hypotheses, we never al-
lowed for the possible generation of magnetic field (Kluznuzk
& Ruderman, 1998) as a result of differential rotation of the
collapsing core. On the other hand, generation of magnetic
field can be easily incorporated into the approximation em-
ployed. It can be done should theory clearly disagree with
observations.

There are other phenomena capable of complicating the
picture described above. For example, the spinar may at a
certain time break into two objects during the collapse of a
rotating core (Berezinski et al.,1988; Imshennik, 1992). We
do not yet consider the second possibility, which, in princi-
ple, may result in the appearance of several flares or precur-
sors around the gamma-ray burst.

[ht]

Figure 16. The Oppenheimer—Volkoff limit as a function of the
velocity of rotation of the neutron star (in the units of the Kerr
parameter).

The problem of precursors and flares requires a separate
explanation. On the one hand, we stress that close precursors
and flares may result from the presence of a complex sys-
tem of shocks in the relativistic jet. On the other hand, the
phenomenon of multiple precursors can be easily explained
by the oscillations of the newborn spinar at the centrifugal
barrier. We artificially suppressed these oscillations by intro-
ducing a special dissipative force with the dissipation time
scale parameter. As we showed above, we can obtain up to
10 precursors for a single gamma-ray burst if we choose the
dissipation time scale to be one order of magnitude longer
than the period of spinar rotation (Fig.13).

However, the description of fine effects lies beyond the
scope of this paper.

We assume that interpreting shock events accompa-
nying the gamma-ray bursts in terms of a simple two-
parameter scheme is an important step toward understand-
ing the operation of the central engines of the gamma-ray
bursts.

We are grateful to the Russian Foundation for
Basic Research for having discontinued the finan-
cial support of our experimental studies of gamma-
ray bursts with the first Russian MASTER robotic
telescope and thereby giving us time to write this
paper. We are also grateful to Pavel Gritsyk for dis-
cussions and assistance in computations and to an
anonymous referee for useful comments.

Appendix 1. Parameters of neutron stars with equation
of state (28).

To choose the most appropriate constants in approxi-
mate equation of state (28), we analyze the global properties
of neutron stars in accordance with dynamic equation (24),
which in the static case transforms into the following simple
equation:

4
Rg2

GM
x3

(x2−2ax+a2)2

(
√
x(x−2)+a)2

− ω2R− P
R

= 0 =>

R
2MGRg

(4M2G2−2MGωc
√

2Rg2R+Rg2R2ω2c2)2

(2MG
√

2 R
Rg

(R−Rg)+RgR2ωc)2
− ω2R− P

R
= 0

Figure 14 shows the dependence of the radius of a non-
rotating neutron star on its mass for various values of pa-
rameter b, which appears in our equation of state. First,
we see natural decrease of the star’s radius with increas-
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ing mass, which is typical of self-gravitating configurations
with equilibrium maintained by the pressure of ideal de-
generate gas. However, this is of minor importance for us
compared to the fact that the radii of neutron stars of rea-
sonable (1.5 − 3M�) masses lie within reasonable limits:
from 20 to 100 km. Figure 15 shows the dependence of the
Oppenheimer—Volkoff limit on our parameter b. The avail-
able orthodox model equations of state for neutron stars pre-
dict that the maximum mass of a neutron star is 1.5−3M�.
This corresponds to the following interval of parameter b:
Fig. 16 demonstrated Oppenheimer—Volkoff –limit depend
on effective Kerr parameter.

20M� < b < 35M�
Fig. 16 demonstrated Oppenheimer—Volkoff —limit

depend on effective Kerr parameter.
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