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Abstract Core-collapse supernovae are accompanied by formatiorwion stars. The
gravitation energy is transformed into the energy of thdasipn, observed as SN I, SN Ib,c
type supernovae. We present results of 2-D MHD simulatisth&re the source of energy is
rotation, and magnetic field serves as a “transition beltttie transformation of the rotation
energy into the energy of the explosion. The toroidal parthef magnetic energy initially
grows linearly with time due to differential rotation. Whéme twisted toroidal component
strongly exceeds the poloidal field, magneto-rotatiorgthibility (MRI) develops, leading to
a drastic acceleration in the growth of magnetic energwallira MHD shock wave is formed,
producing a supernova explosion. Toy model of MRI developmepresented. Mildly col-
limated jet is produced for dipole-like type of the initiaéliiil. Magnetorotational explosion
may produce mirror asymmetric ejection, visible in the fafasymmetric jet, and formation
of rapidly moving neutron stars - pulsars. Observation#d da radio pulsars are discussed,
which are well interpreted in this model.
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1 INTRODUCTION

Supernova is one of the most powerful explosion in the Us®genergy release, radiation and kinetic, is
about10°! erg. SNe explode at the end of evolution of massive starh, initial mass more than 8 M.
Tracks in HR diagram for stars of different masses, up toewtivtarf formation, or SN explosion, may be
found in the review (Iben 1985). A thermonuclear explosib@4 degenerate core with total disruption of
the star take place in SN la. In a core collapse and formafian@utron star, gravitational energy release
~ 6 x 10% erg, is carried away by neutrino (SN II, SN Ib,c) (Baade & Zyic1934). First numerical
simulations of core-collapse SN had been performed by GoigaVhite (1966).

2 MAGNETOROTATIONAL MECHANISM OF EXPLOSION.

There is a problem of transformation of the energy of weektgracting neutrino into the kinetic one.
Discovery of pulsars in 1968 year had shown, that neutrais sti@ rapidly rotating and strongly magne-
tized. In magnetorotational explosion (MRE) the transfation of the rotational energy of the neutron star
into explosion energy takes place by means of the magnelit (Bésnovatyi-Kogan 1970). Most super-
nova remnants are not spherically symmetrical. Neutrors stee rotating, and have magnetic fields up to
10 Gs, and even more. Often one-side ejections are visiblet ifilcate to non-spherical form of the
SNe explosions. In differential rotating new born neutrtarsradial magnetic field is twisted, and mag-
netic pressure becomes very high, producing MHD shock, hghwthe rotational energy is transformed to
the explosion energy.

Calculations of MRE have been done by Bisnovatyi-Kogan e(1#76), using the one-dimensional
nonstationary equations of magnetic hydrodynamics, ferdase of cylindrical symmetry. The energy
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Fig.1 Left: A schematic picture of the initial state for the unit lengftttee cylinder (Bisnovatyi-Kogan
et al. 1976)Right: Shape of the field lines in the region near the core at the time //«, for « = 0.01
(dashed line), and = 10~* (solid line) (Ardeljan et al. 1979).
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Fig. 2 left: Velocity field, showing mixing of matter behind the shock at 0.1828 (Ardeljan et al. 2004).
right: Angular velocity distribution in the equatorial plane oéthew born neutron star at= 0.261 after
the beginning of the collapse.

source is supposed to be the rotational energy of the systesméutron star, and surrounding envelope).
The calculations show that the envelope splits up duringlfiramical evolution of the system, the main
part of the envelope joins the neutron star and becomesruamlifeotating with it, and the outer part of the
envelope expands with large velocity, carrying out a cosrsitlle part of rotational energy and rotational
momentum (Fig. 1). The main results of 1-D calculations MBE has an efficiency about 10% of the
rotational energy. The ejected masssig).1 of the star mass, explosion energy10°! erg. Ejected mass
and explosion energy depend very weekly on the parameteF,, ., / Eqrayv at initial moment. Explosion
time depends on astexpl ~ ﬁ Small« is difficult for numerical calculations with explicit nunmieal
schemes because of the Courant restriction on the timedii#fsystem of equations, wheredetermines

a stiffness. In 2-D computations implicit schemes have hesexl.

3 2-D CALCULATIONS

First 2-D calculations of MHD collapse have been done in lagBl & Wilson (1970). Implicit differ-
ence scheme based on Lagrangian triangular grid with gddn®truction was developed in (Ardeljan &
Chernigovskii 1984; Ardeljan et al. 1996). The scheme ilyfubnservative, what includes conservation of
mass, momentum and total energy, and correct transitidmseba different types of energies.
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3.1 Presupernova Core Collapse

Collapse and formation of a rapidly and differentially ttirig neutron star had been calculated in Ardeljan
et al. (2004) in non-magnetized approximation. Equatidistaie take into account degeneracy of electrons
and neutrons, relativity for the electrons, nuclear triémss and nuclear interactions. Temperature effects
were taken into account approximately by the addition ofghessure of radiation and of an ideal gas.
Neutrino losses and iron dissociation were taken into atciouthe energy equations. A cool white dwarf
was considered at the stability limit with a mass equal toGhandrasekhar limit. To obtain the collapse
we increase the density at each point by 20% and switch orfaramiotation.

The hydrodynamical equations with gravity for modeling thenstationary processes in rotating
gaseous bodies are:

dx dp dv

T =0 PV v=0 pgy =-VI(P)-pVe, 1)
de
pE—f—PV-v—i-pF(p,T):O, AdD = 47Gp.

Here the equation of state and the function of neutrino kbbhsee been represented by following functions

T* 3 T4
P=P(p,T)= P(p) + pRT + UT e =colp) + GRT + 07 +ere(p, T), 2

whereer.(p, T) is the iron dissociation energy, &T) is the function of neutrino losses, among which
only the URCA process losses are important. Other losseh, asipair annihilation, photo production of
neutrino, plasma neutrino were also included in the calioria.

pL _ 13/(1 4 ¢1p1/3) <
P _ 0 1P 1P . ) P = p1, L 3
) { 3 = a-0nGs a0t <y <y k=26, ©
p
3 oT* Py(p) ,.
e =¢eo(p) + jRT‘F e +ere(p,T), eolp) = 72 dp, (4)
0
EbFe< T —Tore >
epe(p,T) = — .
re(p,T) Amy \Tire — Tore
1.3-10%T)T" _
f(p,T) = = )_3 erg-'.st, T=T7T-10"Y, (5)
1+ (7.1-10-5p/T")2/5
B 1, T<7,
&(T)= < 664.31 4+ 51.024(T — 20), 7T<T <20, (6)

664.31, T > 20,

The URCA lossed (p, T') have been described by formula in Bisnovatyi-Kogan et &76), obtained by
approximation of tables from Ivanova et al. (1969). Othas&s (unimportant) are included@h,.

F(p,T) = (f(p,T) + Qsor)e 6. ©)

Neutrino absorption is important in deeper layers of thetmoeustar. It is taken into account implicitly,
by multiplying the transparent neutrino flux by the multigae— 10, where the effective neutrino optical
depthr, is calculated using local density gradients (Ardeljan e2@04, 2005). Initial state was chosen as a
spherically symmetric star, with a mass 20% larger thanithiédhg mass of the corresponding white dwarf
M = 1,0042 My, + 20%, and rotating uniformly, with an angular velocity 205%ec!). The temperature
distribution was taken in the forffi = §p%/3.

Results of calculations are represented in Figure 2. Thiagse is stopped due to formation of a
stable neutron core, rotating almost uniformly. The shacieflected from the core, leaving behind a hot
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plasma, where vortexes are generated. It leads to a stroiggnwhat is important for the interpretation
of observations of the light curve of SN 1987A. The light areorresponding to the radioactive decay of
56Nj — 56Co — 99Fe was observed in this object, what could be explained bigtement of the outbursting
matter due to mixing with deeper layers.

The main result of these calculations is a self-consistesdehof the rapidly rotating neutron star
with a differentially rotating envelope. The adjusting @aweters are chosen to reproduce the calculations
with a refined account of the neutrino transport (Burras.e2@03). In correspondence with these calcula-
tions we have obtained that the bounce shock wave and neuteiposition do not produce SN explosion.
Distribution of the angular velocity is represented in FeyR. The period of rotation of the almost uniformly
rotating core of the young neutron star is about 0.001s.

3.2 2-D Magnetorotational Supernova

Calculations of magnetorotational core-collapse supariave been performed in (Ardeljan et al. 2005).
Magnetohydrodynamic (MHD) equations with self-gravitati and infinite conductivity have been solved
using the same numerical scheme as described above. THeesgtations is the following:

dx dp
a dt+va ’
dv H-H V- (H® H)
ho— = —grad | P —pVo
"o s < + 8 >+ 4 VP,
s (E):H-V'z), AD = 47Gp, ®8)
dt \ p
d
pd_i—i_va'i_pF(paT):Oa P:P(va)7€:€(p7T)7

whered = 2 4+ v - V is the total time derivativey = (r, ¢, 2), v = (v, v,,v.) is the velocity vector,

p is the densityP is the pressurel = (H,, H,, H.) is the magnetic field vecto® is the gravitational
potential.e is the internal energyy is gravitational constan#d ® H is the tensor of rank 2, anBl(p, T')

is the rate of neutrino losses. Equation of state and theifumof neutrino losses have been the same as in
the previous section. Additional condition here:i#gl = 0. The problem has an axial symmetr))%g =0),

and the symmetry to the equatorial plane(). Boundary conditions are the following:

P =p=1T= By =0 at the outer boundayy v, = j, = B, =0 atr =0,
vy =7js =By =0atr=0;, v, =0, 9)
0B,

0z

Initial toroidal current/, (see Fig. 3) wax taken at the initial moment (time started from the stationary
rotating neutron star) producird,., H, according to Bio-Savara law

= 0 (dipole-like) or B, = 0 (quadrupole-like) at = 0.

1 xR
H = - B dv, (10)
|4

Initial magnetic field of quadrupole-like symmetry is olptadl at opposite directions of the current in both
hemispheres (Fig. 3). Magnetic field is amplified due to twisby the differential rotation, and subsequent
development of the magnetorotational instability. Thedfaiktribution for initial quadrupole-like magnetic
field with o = 1076, at the moment of the maximal energy of the toroidal magrfigid is represented in
Figure 4. Two dark areas: near the equatorial plane, andhdrihe axis at 45 show the regions with local
maxima of the toroidal magnetic field ;. The maximal value offs = 2.5 x 10'° Gs was obtained in the
calculations. The magnetic field at the surface of the newgtar after the explosion § = 4 x 102 Gs

Time dependences during the explosion of different typekseénergy: rotational energy, gravitational
energy, internal energy, kinetic poloidal energy, are giire Figure 5. Almost all gravitational energy,
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Fig.3 left: Initial quadrupole-like magnetic field, @ = 0. right: Initial dipole-like magnetic field, at
t=0.
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Fig.4 Toroidal magnetic field distribution at the moment of its fimaal energy.

transforming into heat during the collapse, is carried alaayweakly interacting neutrino. A mass “particle”
is considered ejected if its kinetic energy is greater tispatential energy. The total energy ejected in the
kinetic form is equal td.6 x 10!, and the total ejected mass is equal b4 M,

4 MAGNETOROTATIONAL INSTABILITY

Magnetorotational instability (MRI) leads to exponengabwth of magnetic fields. Different types of MRI
are have been studied in (Velikhov 1959; Spruit 2002; Akigaghal. 2003). MRI starts to develop when
the ratio of the toroidal to poloidal magnetic energies isdming large. In 1-D calculations MRI is absent
because of a restricted degree of freedom. Therefore the dinMR explosion is increasing with as
texpl ~ ﬁ a = % Due to development of MRI the time of MR explosion dependshomuch
weaker. The ratio of two magnetic energies is changing viiitie talmost with the same speed for all

so MRI starts almost at the same time. The MR explosion happéen the magnetic energy is becoming
comparable to the internal energy, at least in some partseostar. While the starting magnetic energy
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Fig.5 Time dependence of rotational, kinetic poloidal, and mégnenergies during explosion for a
quadrupole-like field (from Ardeljan et al. 2005).
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Fig.6 Duration of the explosion time on in presence of MRI for quadrupolée{t), (from Ardeljan et al.
2005), and dipolerfght) initial magnetic fields (from Moiseenko et al. 2006).

linearly depends on, and MRI leads to exponential growth of the magnetic endtgytotal time of MRE
in 2-D is growinglogarithmically, see Figure 6, with decreasing®@ftc., ~ — log a.. This dependences
are seen clearly from 1-D and 2-D calculations with différemiving the following explosion times.:
(in arbitrary units):

a=0.01, texpl = 10, a=10""% tep =10° in 1-D, (11)
a=10"% tep~6, a=10""% tep ~12 in 2-D.

4.1 Toy Model of the MRI Development

Toy model of the MRI development shows an exponential gravftthe magnetic fields at initial stages
of MRI development in 2-D. Initially MRI leads to formatiorf enultiple poloidal differentially rotating
vortexes. Angular velocity of vortexes is growing (linggnlvith a growth ofH .

dH, o
=H,[r—]. 12
at (T ar ) (12)

The right-hand side is constant at the initial stage of tlhe@ss. When toroidal field reaches its critical value
H, the MRI instability starts to develop. As follows from oualculations, the critical value corresponds
to the ratio between total over the star toroidal and poloitegnetic energies 1 — 3. A local value of this
critical ratio is much larger, reaching at the beginning ®&M- 10% in the regions of the maximal growth of
the toroidal magnetic field, what in time roughly correspetalabout 100 rotations of the neutron star core.
These regions serve as germs for subsequent developmeiRlahMther parts of the star. The appearance
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Fig. 7 Qualitative picture of the development of the MRI in 2-D.

of MRI is characterized by formation of multipfloidal differentially rotating vortexes, which twist the
initial poloidal field leading to its amplification accordjto

dH, dw,
=H, 1), 13
dt 0( d ) (13)

wherel is the coordinate, directed along the vortex radiysis the angular velocity of the poloidal vortex.
Qualitatively the poloidal field amplification due to the texes induced by MRI is shown in the Figure 7.
The enhanced poloidal field immediately starts to take petthé toroidal field amplification according to
Equation (12). With further growing off,, the poloidal vortex speed increases. Our calculations thige
values ofw, = 0.0132s™! at|H,| = 2.46 x 10'> G corresponding to = 0.041 s andw, = 0.052s~ ! at
|H,| = 4.25 x 10'° G corresponding to = 0.052s~! for the same Lagrangian particle. In general we may
approximate the value in Equation (13) by linear functiorttevalue(H, — H7) as

dw, N d? N N
( i 1) = a(H, — H}), —5 (Hy ~ H) = AHoa(H, — HY), (14)
Hy = H} + HygeV Ao o=t (15)
H3/2,1/2 .
H, = Hyo + 7“1/% (evAsmmat=1) _ 1), (16)

5 JET FORMATION IN MRE

Jet formation in MRE happens when the initial magnetic fisldf a dipole-like structure (Fig. 3). 2-
D calculations with the initial dipole-like magnetic fieldage almost the same values of the energy of
explosion~ 0.5 x 10°1? and ejected mass 0.14 M, but the outburst was slightly collimated along the
rotational axis (Moiseenko et al. 2006), see Figure 8.

Large velocities observed in some radiopulsars, sometéxeseding 1000 kms Vlemmings et al.
2005, indicate to braking of a mirror symmetry during SN esdn. In a strong magnetic field, when
there is a high level of polarization in the the electronrilisition, asymmetric neutrino emission may be
connected with CP violation in weak interactions (Chug&4)90ur calculations, where rapid development
of MRI is obtained, have shown that CP violation in week psses, where a regular magnetic field is
needed, does not work, because MRI leads to formation of\hitaotic field configuration.

The models with a powerful neutrino convection, was considdy (Burrows at al. 1995; Janka &
Muller 1995). They obtained a strong asymmetry of neuteamassion in a spherically symmetric collapse,
with arbitrary direction of the kick velocity. Subsequemiaulations (Dessart et al. 2006) have shown a
minor role of neutrino convection: “Proto Neutron Star cection is thus found to be a secondary feature
of the core-collapse phenomenon, rather than a decisivedient for a successful explosion”.
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Fig.8 Time evolution of the velocity field for time moments= 0.075s (&ft), ¢ = 0.25s (right), from
(Moiseenko et al. 2006).

Fig.9 a) Initial toroidal field. b) Initial dipole field. c) Generd toroidal field. d)Resulted toroidal field.

In the paper (Bisnovatyi-Kogan & Moiseenko 1992) we havesidered a violation of the mirror
symmetry of the magnetic field in differentially rotatingust, when initial toroidal and poloidal fields have
opposite symmetries. It happens when a star has a symnuwebtidal field with the dipole, or antisymmetric
poloidal field with the quadrupole, see Figure 9. During tiffecential rotation initial poloidal field generate
toroidal field of opposite symmetry. Combination of theiadiand induced toroidal fields produce a toroidal
field without the mirror symmetry. In magnetorotational supova, the kick velocity along the rotational
axis is expected due to the asymmetry of the magnetic fielcup 800 km s~ (Bisnovatyi-Kogan &
Moiseenko 1992). Stronger kick is expected due to asymnadttiie neutrino emission in asymmetric
magnetic field. It was obtained by O’Connel and Matese (1,368n neutron decay’,, probability increase
linearly with B at B >> B., where

2.3
msc

B, = = 4.4 x 10" Gs, (17)

€
so that

W, = Wo[l +0.17(B/B.)* + ...] at B < B., W,, =0.7TWy(B/B.) at B> B.. (18)
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In relativistic degenerate electrons with fermi enefyy= er/m.c? > 1, the critical magnetic field ig
times larger. The dependenidg, (B) leads to anisotropic neutrino mean free piathanisotropic neutrino
opacityx, = 1/lrp, and asymmetric neutrino flux on the level of neutrinosphereAt large neutrino
opacity neutrino heat flukl,, is connected with the temperature gradient, and may beanwi@s (Imshennik
& Nadjozhin 1972)

74acT?® 0T
H =————lr—, 19
8 3 or (19)
and asymmetry of the neutrino flux may be estimated as (Ba&ybdiKogan 1993)
Liy—-L_
§p=—"——"— L=4nr’H,. 20
L= P L= (20)

At a simplified approximation the formula for a kick velocithue to anisotropy of a neutrino flux was
obtained in the form (Bisnovatyi-Kogan 1993)

2 L, PByo 205 |B,|
s = = 0.5 +1In [ =2 12¢0) 21
Ut = e B, +H(PB¢O (21)

For the valuer = FB_(ZUI betweer20 and103, we havev,, ; between 140 and 3000 km'k It is important, that
in the case of an inclined rotator the asymmetry is develpaiong the rotational axis, and not the magnetic
one (Hanawa et al. 2006), so the kick velocity should be thickalong the rotational axis in this model.
The correlation between the directions of the kick veloaityl axis of rotation was found in (Johnston et
al. 2005) by analysis of a large sample of radiopulsars.

In reality we have dipole, quadrupole, and other multip@elésogether. Therefore the magnetic field
may be asymmetric from the very beginning (Wang et al. 1992ood example is the large scale
solar magnetic field, which has the north-south coronal asgtry with inferred magnetic quadrupole
(Osherovich et al. 1999).

6 DISCUSSION

The results of the 2D numerical simulations of the MR supeanexplosion with the initial dipole-like
magnetic field have shown that MR supernova explosion isitsenso the magnetic field configuration.
MR supernova explosion with the initial quadrupole-likegnatic field develops mainly near the equatorial
plane. In the case of the dipole-like magnetic significamt pbthe ejected matter obtains a velocity along
the rotational axis. The total energy of the explosion inNti mechanism does not depend significantly on
the topology of the initial magnetic field. The explosion eyyefor quadrupole-like and dipole-like magnetic
fields are similar~ 0.61 x 10°! erg , and~ 0.5 x 10°! erg respectively. The amount of the ejected mass
is approximately the same in both casgésjccica = 0.14 M. Comparison of the explosion times for the
dipole-like and the quadrupole-like fields of the sameahithagnetic energy, shows that in the quadrupole
case the explosion is developing faster. The time of theosigh for then: = 106 is about~ 0.12 s in the
dipole case, and is aboutt 0.06 s in the case of the quadrupole.

In both cases we have done 2D simulations in a wide range ohitied magnetic field strength. The
parametery (the ratio between the initial magnetic energy and the ¢tmional energy of the star at the
moment of “turning on” of the magnetic field) was chosen as

o EmagO

=5 =10"2+10""2 (22)
gr

Comparison of the results of 1D simulations from (Ardeljarake 1979), with a dependence of the MR
explosion time ony aStexpr ~ ﬁ with corresponding 2D results (Fig. 6), shows a qualieatifference
between them. The reason is a development of the MRI in 2B;ca@Bich reduces drastically the MR
explosion timefeyp,. For the values ofv >~ 10~* the inverse square dependence holds approximately,
while for smallera values the MR explosion time depends @rast.x, ~ |logal. The axial protojet
forming in our simulations is not narrow, while propagatthgough the envelope of the massive star this
protojet could be collimated.
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In the paper by Sawai et al. (2005) a similar problem with eatktrong initial magnetic field was
simulated, and, contrary to our results, the authors didindtthe development of MRI. Their simulations
of the supernova explosion with weaker magnetic field didiead to the development of MRI either and
hence they did not get supernova explosion for a weak imita@gnetic field. The absence of the MRI in their
calculations most probably is connected with a rather langmerical viscosity of the numerical scheme
they used.

It is known from the observations that the shapes of coreaps#l supernovae are different. From our
simulations it follows that MR supernova explosion arisiksralevelopment of the MRI. The development
of the MRI is a stochastic process and hence the resultingesbfahe supernova can vary. We may conclude
that MR supernova explosion mechanism can lead to diffesleape of the supernova. It is important to
point out that MR mechanism of supernova explosion leadaydwo asymmetrical outbursts.

The simulations of the MR supernova explosions are resttioy the symmetry to the equatorial plane.
While in reality this symmetry can be violated due to the M$tultaneous presence of the initial dipole
and quadrupole -like magnetic field, and initial toroidalgnatic field. The violation of the symmetry could
lead to the kick effect and formation of rapidly moving ragigsars.

When rotational and magnetic axes do not coincide the whotane of the explosion process is three
dimensional. Nevertheless, the magnetic field twistingpeag always around the rotational axis, so we
may expect the kick velocity of the neutron star be stronglyrelated with its spin direction, also due to
the anisotropy of the neutrino flux. Simultaneously, beeanfghe stochastic nature of MR, the level of the
anisotropy should be strongly variable, leading to a lapgeading in the the neutron star velocities.

7 CONCLUSIONS

1. Inthe magnetorotational explosion (MRE) the efficientiransformation of the rotational energy into
the energy of explosion is 10%. This is enough for producing core collapse SN from rapidtating
magnetized neutron star.

2. Development of magneto-rotational instability (MRIostgly accelerate MRE, at lower values of the
initial magnetic fields.

3. The new born neutron star has inside a large (ab@itGauss) chaotic magnetic field.

4. Jet formation is possible for the dipole-like form of théial magnetic field, what may have a possible
relation to cosmic gamma-ray bursts. Ejection around thtgial region happens at prevailing of the
guadrupole-like component.

5. Braking of the equatorial symmetry, due to initial magnéeld configuration or MRI development,
leads to asymmetries in the MRE, and in the neutrino flux, whay explain formation of rapidly
moving pulsars and one-side jet formation.
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DISCUSSION

JIM BEALL: Inthe dipole jet formation what velocities do you get frore tt, and what is the distribution
of these velocities?

GENNADY BISNOVATYI-KOGAN: The jet velocities in our calculations are several 10 000k s
like in measured SN ejection. We cannot say anything abatrildition of these velocities having only few
variants of calculations.



