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Neutrino opacity in magnetized hot and dense nuclear matter
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We study the neutrino interaction rates in hot matter at high densities in the presence of a uniform magnetic
field. The neutrino cross sections involving both the charged current absorption and neutral current scattering
reactions on baryons and leptons have been considered. We have in particular considered the interesting case
when the magnetic field is strong enough to completely polarize the protons and electrons in supernovae and
neutron stars. The opacity in such a situation is considerably modified and the cross section develops anisot-
ropy. This has implications for phenomena invoked in the literature to explain the observed pulsar kicks.
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I. INTRODUCTION

Knowledge of neutrino transport in supernovae cores
neutron stars, and in collapsing stars is an essential pre
uisite for an understanding of a host of interesting pheno
ena such as the mechanism of supernovae explosions, s
ture of protoneutron stars, observed pulsar kicks, etc.
important theoretical input required for the study of neutri
transport is neutrino opacity calculations in dense, hot ma
and the equation of state~EOS!. There has been a lot of wor
on neutrino interactions in matter at high densities@1# in-
volving both the charge current absorption and neutral c
rent scattering reactions on baryons and leptons. The do
nant processes for energy and lepton number transpor
the neutrino-nucleon scattering and the neutrino absorpt
It has been shown that neutral current processes on cha
leptons, though subdominant with regard to total opacity
important for the equilibrium of the neutrino number densi

Recently there has been a lot of interest in the study
neutrino transport at high densities in the presence of str
magnetic fields reported to be present in young pulsars.
presence of strong magnetic fields of strengths;1014G have
been suggested in neutron stars and recent observatio
soft gamma ray repeaters and spinning x-ray pulsars e
suggest the existence of magnetic fields greater than 1014G
in supernovae remnants@2#. A study of neutrino opacities in
magnetized high density, hot matter is required to investig
the asymmetric neutrino emission from protoneutron star
a possible explanation of observed pulsar kicks@3#. Among
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various mechanisms suggested for pulsar kicks, the not
ones relevant to the present study are the models in w
the magnetic field induces an asymmetry directly in the n
trino emission@4# giving rise to the observed kicks and tho
which rely on resonant Mikheyev-Smirnov-Wolfenste
~MSW! flavor transformation on account of changed res
nance condition in the magnetic field@5# or on neutrino mag-
netic moment@6#: This requires a careful, systematic study
neutrino interactions in hot, dense, magnetized matter
various stages of degeneracy. For example, electron-neu
absorption and scattering cross sections on nucleons and
tons would not only shift the location of thene sphere but
will also distort it due to asymmetry in the cross section. T
effect on the dominant reactionne1n→p1e at densities
near the electron-neutrino sphere was calculated by multi
ing the phase space distribution of the final state electr
only and leaving the matrix elements unchanged@7#. How-
ever, it was noted@8# that in the presence of large magne
field ;1016G even the motion of degenerate electrons,
densities likely to be present near the neutrino sphere
quantized and on account of charge neutrality, viz.n̄e5np ,
the protons too are forced to occupy the lowest Landau le
In this situation, the matrix elements for absorption and sc
tering get modified and have to be calculated by using ex
wave functions for electrons and protons by solving the L
dau leveln50 @8#. Further, in order to make numerical e
timates of neutrino mean free paths in magnetized dense
hot nuclear matter in the density range;101021015g/cc and
temperatures up to 60 MeV, we require the composition
nuclear matter. The effect of magnetic field on the compo
tion of nuclear matter at low densities has been extensiv
studied in the literature@9#. In recent years the effect o
strong magnetic field on cold, charge neutral, superdense
©2002 The American Physical Society03-1
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teracting nuclear matter inb equilibrium has been studied i
a relativistic mean field theoretical frame work@10–12#. In
some of these studies@11,12# not only the effect of Landau
quantization but also the contribution of anamalous magn
moments of nucleons was incorporated in a relativistic
scription and it was found that this effect cannot be igno
at low densities in the presence of superstrong magnetic
>1018G. Here following Ref.@11# we consider electrically
neutral nuclear matter composed of nucleons, electrons
trapped neutrinos inb equilibrium. Hadronic interactions ar
incorporated through (r2v2s) meson exchange in th
framework of relativistic nuclear mean field theory in th
presence of magnetic field. When considering very inte
magnetic fields we should be careful about the effect of m
netic field on strong interactions because in this situation,
nucleons and mesons interact both with themselves, and
the magnetic field through their charges and magnetic
ments. However, for fields not greater than 1018G we do not
have to worry about this problem.

In this paper, we calculate neutrino opacity for magn
tized, interacting dense nuclear matter for the following li
iting cases: ~a! nucleons and electrons, highly degener
with or without trapped neutrinos;~b! nondegenerate nucle
ons, degenerate electrons and no trapped neutrinos; an
nally ~c! when all particles are nondegenerate. The import
neutrino interaction processes which contribute to opa
are the neutrino absorption process

ne1n→p1e ~1!

and the scattering processes

ne1N→ne1N, ~2!

ne1e→ne1e. ~3!

In Sec. II we calculate the cross sections for these p
cesses in the presence of magnetic field. In Sec. III the c
sections are calculated in the polarized medium when
magnetic field is very strong and density is such that
electrons and protons are confined to the lowest Lan
level. For the purpose of calculating reaction rates we tr
the nucleons nonrelativistically and the leptons in extre
relativistic limit. In Sec. IV we discuss the results.

II. NEUTRINO CROSS SECTION

The neutrino processes~1!–~3! get contributions from
charged as well as neutral current weak interactions in
standard model. For the general process

n~p1!1A~p2!→B~p3!1 l ~p4!. ~4!
05300
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The cross section per unit volume of matter or the inve
mean free path is given by

s~E1!

V
5l21~E1!

5
1

2E1
)

i 52,3,4
dr iWf i f 2~E2!@12 f 3~E3!#

3@12 f 4~E4!#, ~5!

wheredr i5d3pi /(2p)32Ei is the density of states of par
ticles with four momentapi5(Ei ,pW i), f i(Ei) are the particle
distribution functions which in thermal equilibrium are give
by the usual Fermi-Dirac distributions f i(Ei)5@1
1eb(Ei 2m i

)#21 and 12 f i(Ei) accounts for the Pauli-
Blocking factor for the final state particles.m i ’s are the
chemical potentials andb51/(KT). The transition rateWf i
is

Wf i5~2p!4d4~Pf2Pi !uM u2, ~6!

whereuM u2 is the squared matrix element summed over
initial and final spins.

In the presence of magnetic field, the density of states
charged particles is modified and is given by

dr i5(
n

~22dn,0!E
2`

`

dpizE
2eBLx/2

eBLx/2 dpiy

~2p!22Ei
, ~7!

where the sum over all occupied Landau levels is to be p
formed. For weak magnetic fields, several Landau levels
populated and the matrix element remain essentially
changed@14# and one needs to only account for the corre
phase space factor. In the presence of strong magnetic fi
the electrons occupy the lowest Landau state and the ch
neutrality requirement then forces the protons into
ground state. This statement holds for cold degenerate m
ter. For hot matter with temperatures>10 MeV and density
101121012g/cc, the protons are not so severely affected
the magnetic field. This happens because of the presence
sizable number of positrons at these densities and temp
tures, thereby modifying the charge neutrality condition.
the presence of such intense magnetic field, the matrix
ments have to be calculated by using the exact wave fu
tions of relativistic electrons and protons obtained by solv
the Dirac equation.

In a gauge in which the vector potential isAW 5(0,xB,0),
corresponding to a constant, uniform magnetic field in thz
direction, the quantum states are specified by the quan
numberspy , pz , n and S and the energy eigenvalues a
given by @11,12#
En,s
e 5@m21pz

21eB~2n111s!#1/2, ~8!

En,s
p 5Amp*

21pz
21eB~2n111s!1kp

2B212kpBsAmp*
21eB~2n111s!5En,s

p 2U0
p , ~9!
3-2
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and

Es
n5Amn*

21pW 21kn
2B212knBsApx

21py
21mn*

25Es
n2U0

n ,
(10)

wherekp and kn are the anomalous magnetic moments
protons and neutrons given by

kp5
e

2mp
Fgp

2
21G , ~11!

kn5
e

2mn

gn

2
, ~12!

wheregp55.58 andgn523.82 are the Lande´ g factor for
protons and neutrons, respectively. We have here negle
the contribution of the anomalous magnetic moment of e
trons.U0

p , U0
n , mN

! are given in Appendix A.
n5n11/26s/2 characterizes the Landau level. The ele

tron wave function in the lowest Landau staten50 has the
energyE0,21

e 5(me
21pz

2)1/2 with the wave function

C~r !5S eB

p D 1/4 1

ALyLz

e2 i ~Eet2pyy2pzz!ej2/2Ue,1~Ee!

~13!

and the positive energy spinors in staten50 are given by

Ue,215
1

AEe1me
S 0

Ee1me

0
2pz

D . ~14!

Nucleons are treated nonrelativistically. In these limits
proton energy in the lowest state is given by

E0,1
p 5

mp
!2kpB

m̄p
1

pz
2

2~mp
!2kpB!

1U0
p , ~15!

where

m̄p5mp
!2kpB ~16!

and the wave function is

Cp~r !5S eB

p D 1/4 1

ALyLz

e2 i ~E0,1
p t2pyy2pzz!ej2/2Up,1~E0,1

p !,

~17!

whereUp,1(E0,1
p ) is the nonrelativistic spin up spinor

Up,1~E0,1
p !5

1

A2mp

S x1

0 D ~18!

and

j5AeBS x2
py

eBD . ~19!
05300
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For neutrons we have

Cn,s~r !5
1

ALxLyLz

e2 ipn,s~r !Un,s~Es
n!, ~20!

Un,s5
1

A2mn

S xs

0 D , ~21!

and

En,s.
mn* 2knBs

m̄n
1pW 21U0

n , ~22!

with

m̄n5mn* 2knBs. ~23!

Neutrino wave function is the usual plane wave

Cn~r !5
1

ALxLyLz

e2 ipn~r !Un,s~En!. ~24!

HereUn,s is the usual free particle spinor.xs is the spin
spinor and the wave functions have been normalized i
volumeV5LxLyLz and we have the normalization

(
Spin

ūaub52mdab . ~25!

We first consider the neutrino-nucleon processes~1!, ~2!.
In the presence of weak magnetic fields, the matrix elem
squared summed over initial and final spins in the appro
mation of treating nucleons nonrelativistically and lepto
relativistically is given by

( uM u2532GF
2 cosuc

2 mp
!mn

!@~CV
213CA

2 !

1~CV
22CA

2 !cosue,n#EeEn , ~26!

whereCV5gV51, CA5gA51.23 for the absorption process
CV521, CA521.23 for neutrino scattering on neutron
andCV52114 sin2 uw50.08,CA51.23 for neutrino proton
scattering.

The effect of strong interactions on charged and neu
current neutrino interactions is incorporated in the fram
work of relativistic mean field theory. The nuclear matt
consisting of neutrons, protons, electrons with or witho
neutrinos is considered inb equilibrium in the presence o
magnetic field. Hadronic interactions are taken into acco
by considering the nucleons to interact by exchanging sc
~s! and vector~v, r! mesons@11#. The composition of matter
is calculated for arbitrary magnetic fields and temperatu
without making any approximation regarding relativity an
degree of degeneracy of various particles. For the effec
weak rates, we however treat the nucleons nonrelativistic
and obtain neutrino cross sections in the limits of extre
degeneracy or for nondegenerate matter. This simplifies
calculations considerably without compromising the resu
3-3
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FIG. 1. Variation ofYp andYn with nB for B50, 103, 104 and 53104 for T55, 30, and 60 MeV (Yne
50).
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in any significant way. This results in replacing the nucle
massm by its density dependent massm* and the chemica
potential by the appropriate effective chemical potential~see
Appendix A!.

We present here the results for interacting nuclear ma
consisting of neutrons, protons, electrons and neutrinos~for
the trapped case where lepton fractionYL5Ye1Yne

is held

fixed at 0.4! for nuclear densitynB varying over a wide range
(1025210)n0 and at temperaturesT55, 10, and 30 MeV. In
Figs. 1 and 2 we show the effect of magnetic field~measured
in the units ofBe

c , viz., B* 5B/Be
c and the critical magnetic

field for electrons isBe
c54.41331013G! on the composition

of nuclear matter, viz.Yp , Yn and Yne
, as a function of

nuclear density forT55, 30, and 60 MeV for the neutrino
trapped and untrapped cases, respectively. The effect of m
netic field is to raise the proton fraction and is very pr
nounced at low densities. At densities relevant to the cor
neutron stars, one requires very high magnetic fields
change the composition. The effect of including anomalo
magnetic moment also becomes significant at field stren
typically >105 which can be seen in Fig. 3, where we ha
plotted the proton and neutron fractionsYp and Yn and the
effective nucleon mass as a function of density for la
magnetic field 53105 with and without including the effec
of anomalous magnetic moment of nucleons.
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A. Highly degenerate matter

The absorption cross section~1! for this case can be cal
culated by using Eq.~14! in Eq. ~5! by the usual technique
and we get, for smallB,

sA~En ,B!

V
5

GF
2 cosuc

2

8p3 ~gV
213gA

2 !mp* mn* T2

3

S p21
~En2mn!2

T2 D
~11e~mn2En!/T!

eBFu„pF~p!1pF~e!

2pF~n!2pF~n!…

1
pF~p!1pF~e!2pF~n!1pF~n!

2En
u„pF~n!

2upF~p!1pF~e!2pF~n!u…G
3 (

n50

nmax

~22dn,0!
1

Ame
22me

222neB
, ~27!

which reduces to the usual result@13# in the limit B→0. The
3-4
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FIG. 2. Variation ofYp , Yn , andYn with nB for B50, 103, 104 and 53104 for T55, 30, and 60 MeV (YL50.4).
ne

ca
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u

ow
io
case of freely streaming, untrapped neutrinos is obtai
from Eq. ~27! by putting mn50 and replacingme by (me
1En).

When the magnetic field is much weaker than the criti
field for protons, only electrons are affected and the neutri
nucleon scattering cross-section expression remains
changed by the magnetic field. The numerical values, h
ever, are modified due to changed chemical composit
The cross sections are given by
05300
d
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snN~En!

V
5

GF
2 cosuc

2

16p3 ~CV
213CA

2 !mN*
2T2me

3

S p21
~En2mn!2

T2 D
S 11exp

~En2mn!

T D . ~28!
-

FIG. 3. Variation ofYp , Yn ,
and mp

! with nB for B50, 5
3105 and Bk553105 where in
Bk the effect of anomalous mag
netic has been included.
3-5
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If neutrinos are not trapped, we get in the elastic limit

snN~En!

V
5

GF
2 cosuc

2

16p3 ~CV
213CA

2 !mN*
2T2En . ~29!

The neutrino electron scattering, though important for
ergy momentum transfer, is subdominant for neutrino op
ity calculations which get major contributions from the a
sorption reaction in the neutrino trapped regime and
absorption and scattering processes on nucleons in the
regime. The electron-neutrino scattering in the presenc
arbitrary magnetic field has been evaluated in the litera
by @14#. Here we will consider the interesting case when
electrons get totally polarized by the magnetic field. F
completeness, we give below the neutrino-electron scatte
cross section in the absence of the field for relativistic
generate electrons and neutrinos in the elastic approxima

sne

V
.

2GF
2 cosuc

2

3p3 ~CV
21CA

2 !
me

2TEn
2

11e2b~En2mn! , ~30!

which in the untrapped regime goes over to

sne

V
.

2GF
2 cosuc

2

3p3 ~CV
21CA

2 !me
2TEn

2. ~31!

B. Nondegenerate matter

We now treat the nucleons as nonrelativistic nondege
ate such thatm i /T!21 and thus the Pauli-blocking facto
12 f N(Ei) can be replaced by 1; the electrons are still co
sidered degenerate and relativistic. In the approxima
which is valid near the neutrino spheres for the protoneut
star in the Helmholtz-Kelvin cooling phase, the cross sect

sA~En ,B!

V
.

GF
2 cosuc

2

2p
~CV

213CA
2 !nn~En1Q!

3
1

11e2b~En1Q2me! eB(
n50

nmax

~22dn,0!

3
1

A~En1Q!22me
222neB

, ~32!
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wherenN is the nuclear density andQ5mn2mp

snN~En ,B!

V
.

GF
2 cosuc

2

4p
~CV

213CA
2 !nNEn

2. ~33!

If the electrons too are considered nondegenerate we ge

sA

V
.

GF
2 cosuc

2

p
~gV

213gA
2 !nNEn

2, ~34!

snN

V
.

GF
2 cosuc

2

4p
~CV

213CA
2 !nNEn

2, ~35!

sne

N
.

4GF
2 cosuc

2

p3 T4En~CV1CA!2. ~36!

III. NEUTRINO CROSS SECTIONS IN POLARIZED
MEDIUM

When the magnetic field exceedspF
2(e)/2, all the elec-

trons in matter occupy the lowest Landau staten50 with
their spins pointing in the direction opposite to the magne
field. In this situation charge neutrality for degenerate ma
forces the nonrelativistic protons to be also in the Land
ground state but with their spins aligned along the magn
field. In this situation matrix elements cannot be conside
unchanged and should be evaluated using the exact solu
of the Dirac equation for charged particles in magnetic fie
Using the wave functions given in Sec. II, the square of
matrix elements for weak processes can be evaluated
straightforward way and we get
uM uA
258GF

2 cos2ucm2* m3* ~E41p4z!@~gV1gA!2~E11p1z!14gA
2~E12p1z!#expF2

1

2eB
@~p1x1p2x!

21~p3x1p4x!
2#G ,

(37)

uM unp
2 516GF

2 cosuc

2 CA
2m2*

2~p1•p412p1zp4z!expF2
1

2eB
@~p4x1p1x!

2~p4y2p1y!2#G , ~38!
3-6
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uM une
2 516GF

2 cosuc

2 @~CV
21CA

2 !„~E1E41p1zp4z!~E2E31p2zp3z!2~E1p4z1E4p1z!~E2p3z1E3p2z!…

12CVCA„~E1E41p1zp4z!~E2p3z1E3p2z!2E1p4z1E4p1z…~E2E31p2zp3z!#

3expS 2
1

2eB
@~p4x2p1x!

22~p4y2p1y!2# D . ~39!

The absorption cross section is now given by

sA~E1 ,B!

V
5

1

2E1Lx
E d3pz

~2p!32E2
E

2eBLx/2

eBLx/2 E
2`

` dp3ydp3z

~2p!22E3
E

2eBLx/2

eBLx/2 E
2`

` dp4ydp4z

~2p!22E4
~2p!3d~Py!d~Pz!d~E!uM u2f 2~E2!

3@12 f 3~E3!#@12 f 4~E4!#. ~40!

The corresponding scattering cross sections are obtained by interchanging the particle 2 with 4. Integrals overdp3ydp4y can
be performed by using they-component momentum conservingd(Py) function and giveeBLx . dV2 integral can be per-
formed by usingd(Pz)5(1/p2)d „cosu22(p3z1p4z2p1z)/p2… and gives 2p. Here for simplification we have replaced the ang
appearing in the exponential factor by their average values. It is not a bad approximation since the exponential factor
of order one in the high field limit. We thus obtain

sA~E1 ,B!

V
.

eB

2E1

1

~2p!3

1

8 E dE2

dp3z

E3

dp4z

E4
d~E!uM u2

f 2~E2!@12 f 3~E3!#@12 f 4~E4!#. ~41!

To make further progress, we consider the cases of extreme degeneracy and nondegeneracy separately.

A. Highly degenerate matter

We first convert the integrals overz component of the electron and proton momentum into integrals over the electro
proton energy respectively by using the energy expression~8! for n50. Further, since for strongly degenerate matter, partic
at the top of their respective Fermi seas alone contribute, we replace the momenta by their Fermi momenta. In this
mation we get

sA~E1 ,B!

V
.

GF
2 cos2 uc

~2p!3 eB
m3* m4*

pF~3!E1

T2

2

Xp21S E1

T D 2C
~11e2En /T!

E dE2dE3dE4d~E11E22E32E4! f 2~12 f 3!~12 f 4!@~gV1gA!2

3~E11p1z!14gA
2~E12p1z!#FexpS 2

@pF~1!1pF~2!#22@pF~3!2pF~4!#2

2eB D u„@pF~1!1pF~2!#2

2@pF~3!2pF~4!#2
…1expS 2

@pF~1!1pF~2!#22@pF~3!1pF~4!#2

2eB D u„@pF~1!1pF~2!#22@pF~3!1pF~4!#2
…G .

~42!

Carrying out the energy integrations

sA~En ,B!

V
.

GF
2 cos2 uc

~2p!3 eB
mn* mp*

pF~n!En

T2

2

S p21S En

T D 2D
~11e2En /T!

@~gV1gA!2~En1pnz!14gA
2~En2pnz!#

3FexpS 2
@pF~n!1pF~n!#2

2eB D u„pF~n!1pF~p!…

1expS 2
@pF~n!1pF~n!#224pF

2~e!

2eB D u„@pF~n!1pF~n!#224pF
2~e!…G , ~43!
053003-7
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where we have made use of the fact that for electrica
neutral matterpF(e)5pF(p) and that twou functions corre-
spond to the fact thatz-component momentum conservatio
pnz1pnz5pez1ppz5pF(e)6pF(p) depending on whethe
both electrons and protons in their Landau ground state
in the same direction or are opposite to each other. The
of freely streaming neutrons is obtained from the above
putting pF(n)50 everywhere.

For the case of neutrino-proton scattering, we can perfo
the integrals in the degenerate limit by using*dp2z as
*dp2zdd (p2z

2 /2m2* 2pf
2(2)/2m2* )de2 and likewise for

*dp2z , wheree i5piz
2 /2mi

!. d3p4 integral can be performed
by choosing pW 15E1(0,sinu1,cosu1) and pW 4
5E4(sinu4 cosf4,sinu4 sinf4,cosu4). d(cosu4) integral is
performed as before by usingd(Pz) and noticing that
cosu45p1z/p4 alone is allowed when initial and final proton
move along the same direction, in the opposite case cou4
5@2pF(p)1p1z#/p4z.1 and thus is not allowed. Approxima
ing the exponential factor by 1 we get

snp~E1 ,B!

V
.

GF
2 cos2 uc

~2p!3

m2*
2

pF
2~2!

eB

2

3E de2de3dE4S E41
p1z

2

E1
D ,

3 f 2~12 f 3!~12 f 4!d~E11e22e32E4!

~44!

.
GF

2 cos2 uc

~2p!3

mp*
2

pF
2~p!

gA
2 eB

2

T2

2

3

Xp21S En2mn

T D 2C
~11e2~En2mn!/T!

S mn1
pnz

2

En
D . ~45!

.
GF

2 cos2 uc

64p

mp*
2

pF
2~p!

gA
2eBT2mn~11cos2 u!

~46!

becauseEn.mn andu is the angle which the neutrino make
with the magnetic field. For the case when neutrinos are
trapped we get

snp~En ,B!

V
.

GF
2 cos2 uc

~2p!3

mp*
2

pF
2~p!

gA
2 eB

2

3E S E41
p1z

2

E1
D ~E12E4!

dE4

12e~E12E4!/T

~47!

.
GF

2 cos2 uc

~2p!3

mp*
2

pF
2~p!

gA
2T

En
2

2

eB

2
~112 cos2 u!.

~48!

Likewise for the neutrino-electron scattering we get
05300
y

re
se
y

m

ot

sne~En ,B!

V
.

GF
2 cos2 uc

8p
T2eBmn@~CV

21CA
2 !~11cos2 u!

24CVCA cosu# ~49!

for the trapped neutrino case and

sne~En ,B!

V
.

2GF
2 cos2 uc

~2p!3 TeBEn
2@~CV

21CA
2 !~112 cos2 u!

26CVCA cosu# ~50!

for the untrapped case.

B. Nondegenerate matter

Integrals can again be performed in the nondegene
limit and we get

sA~En ,B!

V
.

GF
2 cos2 uc

4p
eBcosu nN

1

e2~En1Q2mue!b11

3@„~gV1gA!214gA
2
…1„~gV1gA!224gA

2
…#,

~51!

snp~En ,B!

V
.

2GF
2 cosuc

2 CA
2

~2p!3 eBE
0

`

dp2zf 2~E2!S En1
p2z

2

2mp
D

3F S En1
p2z

2

2mp
D X22

1

3mp
S En1

p2z
2

2mp
D C

2
En

2 cos2 u1p2z
2

mp
G

.
2GF

2 cosuc

2 CA
2

2p
En

2np , ~52!

where

np5
eB

2p2 E f 2~E2!dp2z ~53!

and we have ignored terms ofO(p2/2mp).
For completeness, we give below the neutrino-elect

cross section for the case of nondegenerate electrons
though here we do not consider the regime of nondegene
electrons

sne~En ,B!

V
.

4GF
2 cos2 uc

~2p!3 eB@~CV
21CA

2 !~41cos2 u!

24CVCA cosu#EnE
0

` dEeEe

11eb~Ee2me! ~54!

.
GF

2

p
neTEn@~CV

21CA
2 !~11cos2 u!

24CVCA cosu#, ~55!
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where

ne5
2eB

~2p!2 E
0

`

e2bpezdpez5
2eBT

~2p!2 ~56!

for nondegenerate electrons.

IV. RESULTS AND DISCUSSIONS

We now present neutrino opacity results for interact
magnetized neutron star matter consisting of nucleons, e
trons and trapped as well as freely streaming neutrinos
densities ranging over a wide range (1025210)n0 , tempera-
ture ~5–60! MeV and magnetic field varying from@(0 – 5)
3105#Be

c . The composition of matter at these conditions h
already been shown in Figs. 1–3 in Sec. II and the effec
magnetic field including anomalous magnetic moment
nucleons discussed. We first consider matter in the cor
neutron stars where matter is degenerate. At these den
relativistic effects can be important and should not be
glected, however, for simplicity we have evaluated the m
trix elements in the limit of nonrelativistic nucleons. Relati
istic kinematic effects are expected to be typically of t
orderpF /M ! in the degenerate limit and one can modify t
limiting expressions~27!–~29!,~43!,~46! for absorption and
scattering cross sections by replacing the effective mas
the nucleons (Mn

!,M p
!) by the corresponding effectiv

chemical potentials (mn
!,mp

!), respectively~see Ref.@1# for a
discussion!. In our numerical calculation of the neutrin
mean free path we have made this change. In the neu
free case (Yne

50), the neutrino absorption cross section d
to reaction~1!, the direct URCA process, is highly supress
due to simultaneous nonconservation of energy and mom
tum for degenerate matter. This happens because for de
erate nuclear matter, the direct URCA process can take p
only near the Fermi energies of participating particles a
simultaneous energy momentum conservation sets the
straint pF(e)1pF(p)>pF(n), the proton fraction required
for this constraint to be satisfied has to be greater t
;11%. The proton fraction calculation in nuclear matter
however very sensitive to the assumption that goes into
microscopic theory of nuclear interactions which are not w
known@15#. In the present work, this constraint is satisfied
moderately high densities, namelynB.1.5n0 ~see also
@11,16#!, whereas in some recent potential models with thr
body interactions and boost corrections, this occurs at de
ties in excess of;4.5n0 @17#. Since the effect of magneti
field is to increase the proton fraction, at sufficiently hi
magnetic fields depending on the density, the constrain
satisfied and direct URCA process proceeds. In the cas
extremely high magnetic fields capable of confining el
trons and protons to the lowest Landau level, this constr
is not even required and the absorption process proceed
can be seen from Eq.~42!. Furthermore, in this situation th
cross section develops anisotropy. Similarly at high tempe
tures ~see Figs. 1 and 2!, the proton fraction rises and th
contribution of the direct process exceeds the neutri
nucleon scattering process.

In the neutrino trapped regime, all the particles are deg
05300
c-
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erate and the charged current absorption process domin
over the scattering processes, the neutrino-nucleon scatte
being the most important of the scattering processes. In
4 we show the neutrino absorption mean free path as a fu
tion of density for different temperatures and magnetic fie
for degenerate matter. The upper and lower figures co
spond to neutrino free (Yne

50) and neutrino trapped (YL

50.4) matter. In the neutrino free regime, the neutrinos
thermal and we take the neutrino energy to be equal toT
for calculating the mean free paths, whereas in the trap
regime, the neutrinos being degenerate,En5mn is the appro-
priate neutrino energy. In this high density regime, the eff
of magnetic field on absorption mean free path is not sign
cant unless one goes to extremely high magnetic fields wh
the matter becomes completely polarized and the low
Landau energy level is occupied. This happens forB>5
3105Be

c in this density regime. The rapid fluctuations in a
sorption mean free path around the zero field value refle
the appearance of a new Landau level contributing to
reaction rate. For the case of polarizing magnetic field,
have evaluated the absorption mean free path for neutr
propagating along the magnetic field. The asymmetry in
absorption cross section for neutrinos propagating along
opposite to the direction of magnetic field is roughly of ord
of 10%. In Fig. 5 we exhibit the neutrino scattering me

FIG. 4. The first figure shows the variation oflA with nB for
untrapped degenerate matter forB50, 53104, and 53105 at T
55, 30, and 60 MeV. The second figure shows the variation oflA

with nB for trapped degenerate matter forB50 and 53104 at T
55, 30, and 60 MeV. The effect of anomalous magnetic mom
has been included for all fields.
3-9



r

-

DEEPAK CHANDRA, ASHOK GOYAL, AND KANUPRIYA GOSWAMI PHYSICAL REVIEW D 65 053003
FIG. 5. Variation of neutrino
mean free pathlS (s5n,p,e)
with nB for degenerate matter fo
T55, 30, and 60 MeV and forB
50 and 53104. The left panel is
for untrapped matter (Yne

50) and
the right panel is for trapped mat
ter (YL50.4).
s

th
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s
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s
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tter

fect
on
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ag-
d at
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ing

g
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te
free pathsln , lp , le on neutrons, protons, and electron
respectively, forB50 and 53104 and atT55, 30, and 60
MeV. The left panel correspond to the neutrino free and
right panel to the neutrino trapped degenerate matter.
effect of magnetic field on these scattering mean free path
not significant at these densities. At low densitiesnB
5(102621022)n0 , the nucleons are nondegenerate,
electrons continue to remain degenerate except at high
peratures and the matter becomes neutrino free. Magn
field in this regime has important effect. In Fig. 6 we ha
plotted the absorption mean free path as a function of den

FIG. 6. Variation oflA with nB for untrapped nondegenera
matter forT55 MeV andB50, 100, 104, and 53104.
05300
,

e
he
is

e
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at T55 MeV for magnetic field varying between 0 to
3104. We find that the absorption cross section increas
i.e., mean free path decrease with the increase in magn
field. In Fig. 7 we have plotted the neutrino scattering me
free pathsln , lp , le as a function of density atT55, 30,
and 60 MeV forB50 and 53104Be

c . We find that whereas
ln andle increase with the magnetic field,lp decreases.

In summary, we have studied the neutrino interactio
rates through charged as well as neutral current weak in
actions in hot, dense magnetized, interacting nuclear ma
over a wide range of densities and magnetic fields. The ef
of including anomalous magnetic momemt of nucleons
the structure of nuclear matter shows up only when the m
netic field exceeds;105Be

c and results in further enhance
ment of proton fraction at low densities and lowering
effective nucleon mass at high densities. The effect of m
netic field on neutrino mean free paths is most pronounce
low densities and results in a substantial decrease in the
trino absorption mean free path in addition to develop
anisotropy.
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FIG. 7. Variation of neutrino scattering mean free pathlS with nB for untrapped nondegenerate matter forT55, 30, and 60 MeV. The
curves labeledn, p, e, andn!,p!,e! correspond toln , lp le for B50 and 53104, respectively.
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APPENDIX

For determining the composition of dense, hot, mag
tized matter, we employ a relativistic mean field theoreti
approach in which the baryons~protons and neutrons! inter-
act via the exchange ofs2v2r mesons in a constant un
form magnetic field. Following Ref.@11# the thermodynamic
potential of the system can be written as

V52
1

2
mv

2 v0
22

1

2
mr

2r0
21

1

2
ms

2s21U~s!1
B2

8p
1(

i
V i ,

~A1!

wherei 5n,p,e,n

U~s!5
1

3
bmN~gsn

s!31
1

4
c~gsN

s!4, ~A2!

and

Ve52
1

b~2p!2 (
s

(
n
E dpz ln@11e2b~En,s

e
2me!#, ~A3!

Vp52
1

b~2p!2 (
s

(
n
E dpz ln@11e2b~En,s

p
2mp

!
!#,

~A4!

Vn52
1

b~2p!2 (
s
E d3p ln@11e2b~Es

n
2mn

!
!#, ~A5!

Vn52
1

b~2p!2 E d3p ln@11e2b~En2mn!#. ~A6!

The energy eigenvalues are given in Eqs.~8!–~10!. The
chemical potentialsmN

! and the effective massesmn
! of nucle-

ons are given by
05300
-
l

mN
! 5mN2U0

N , ~A7!

and

mN
! 5mN2gsN

s0 , ~A8!

U0
N5gvNv01grNt3Nr0 . ~A9!

In the mean field approximation, the thermodynam
quantities are expressed in terms of thermodynamic aver
of meson fields which are assumed to be constant and
related to the baryonic and scalar number densities thro
the fixed equations, viz.

ms
2^s&1

]U~s!

]s
5gsN~nn

s1np
s!, ~A10!

mv
2 ^v0&5gvN~nn1np!, ~A11!

mr
2^r0&5grN~np2nn!. ~A12!

The number densities are given by

np5
eB

2p2 (
s

(
n
E

0

` dpz

11eb~En,s
p

2mp
!

!
, ~A13!

nn5
1

~2p!3 (
s
E d3p

11eb~Es
n
2gmn

!
!
, ~A14!

np
s5

eB

2p2 mp
!(

s
(

n
E dpz

En,s
p ~11eb~En,s

p
2mp

!
!!

,

~A15!
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nn
s5

mn
!

~2p!3 (
n
E d3p

Es
n~11eb~Es

n
2mn

!
!!

. ~A16!

The net electron and neutrino number densities are given

n̄e5
eB

2p2 ( ~22dn,0!E dpz

3F 1

„11e@b~En
e2me!#…

2me↔~2me!G ~A17!

and

n̄ne
5

1

~2p!3 E d3pF 1

„11e@b~En2mn!#…
2mn↔~2mn!G .

(A18)

All the thermodynamic quantities are now obtained
solving the field equations@~A1!–~A18!# along with the con-
dition of charge neutrality

np5n̄e ~A19!

and trapped lepton fraction

YL5Ye1Yne
, ~A20!
a

n.
.

.

ys

n

05300
by

whereYe5n̄e /nB , Yne
5n̄ve

/nB and the condition ofb equi-
librium

mn5mp1me2mn ~A21!

self-consistently for a given baryon density

nB5np1nn . ~A22!

The coupling constantsgsN , gvN , grN , b andc are taken
from Glendenning and Moszkowski@18# by reproducing the
nuclear matter properties and the numerical values are g
by

gsN

ms
53.434 fm21,

gvN

mv
52.694 fm21,

grN

mr
52.1 fm21,

b50.00295,

c520.00107. ~A23!
ud-

.
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