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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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[. INTRODUCTION various mechanisms suggested for pulsar kicks, the notable
ones relevant to the present study are the models in which
Knowledge of neutrino transport in supernovae cores, irthe magnetic field induces an asymmetry directly in the neu-
neutron stars, and in collapsing stars is an essential preretino emissior[4] giving rise to the observed kicks and those
uisite for an understanding of a host of interesting phenomwhich rely on resonant Mikheyev-Smirnov-Wolfenstein
ena such as the mechanism of supernovae explosions, strUd4SW) flavor transformation on account of changed reso-
ture of protoneutron stars, observed pulsar kicks, etc. Theance condition in the magnetic fild] or on neutrino mag-
important theoretical input required for the study of neutrinonetic momen{6]: This requires a careful, systematic study of
transport is neutrino opacity calculations in dense, hot mattemeutrino interactions in hot, dense, magnetized matter in
and the equation of stateO9. There has been a lot of work various stages of degeneracy. For example, electron-neutrino
on neutrino interactions in matter at high densitié$ in-  absorption and scattering cross sections on nucleons and lep-
volving both the charge current absorption and neutral curtons would not only shift the location of the, sphere but
rent scattering reactions on baryons and leptons. The domwill also distort it due to asymmetry in the cross section. This
nant processes for energy and lepton number transport asdfect on the dominant reaction,+n—p+e at densities
the neutrino-nucleon scattering and the neutrino absorptiomear the electron-neutrino sphere was calculated by multiply-
It has been shown that neutral current processes on charged the phase space distribution of the final state electrons
leptons, though subdominant with regard to total opacity arenly and leaving the matrix elements unchangjéd How-
important for the equilibrium of the neutrino number density. ever, it was noted8] that in the presence of large magnetic
Recently there has been a lot of interest in the study ofield ~10'®*G even the motion of degenerate electrons, at
neutrino transport at high densities in the presence of strondensities likely to be present near the neutrino sphere, is
magnetic fields reported to be present in young pulsars. Thguantized and on account of charge neutrality, iz= Ny,
presence of strong magnetic fields of strengt0'* G have  the protons too are forced to occupy the lowest Landau level.
been suggested in neutron stars and recent observations lafthis situation, the matrix elements for absorption and scat-
soft gamma ray repeaters and spinning x-ray pulsars eveering get modified and have to be calculated by using exact
suggest the existence of magnetic fields greater thdhGLO wave functions for electrons and protons by solving the Lan-
in supernovae remnani&]. A study of neutrino opacities in dau levely=0 [8]. Further, in order to make numerical es-
magnetized high density, hot matter is required to investigatimates of neutrino mean free paths in magnetized dense and
the asymmetric neutrino emission from protoneutron stars alsot nuclear matter in the density rangel0'°— 10'°g/cc and
a possible explanation of observed pulsar kiEks Among  temperatures up to 60 MeV, we require the composition of
nuclear matter. The effect of magnetic field on the composi-
tion of nuclear matter at low densities has been extensively
*Email address: dchandra@himalaya.du.ac.in studied in the literaturd9]. In recent years the effect of
"Email address: agoyal@ducos.ernet.in strong magnetic field on cold, charge neutral, superdense in-
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teracting nuclear matter ig equilibrium has been studied in The cross section per unit volume of matter or the inverse
a relativistic mean field theoretical frame wdrk0—12. In mean free path is given by
some of these studig41,12 not only the effect of Landau

o L . a(Ey)
guantization but also the contribution of anamalous magnetic 1 =\ "YEy)
moments of nucleons was incorporated in a relativistic de- \
scription and it was found that this effect cannot be ignored
at low densities in the presence of superstrong magnetic field -
=10"G. Here following Ref[11] we consider electrically 2E;i=73,
neutral nuclear matter composed of nucleons, electrons and
trapped neutrinos i equilibrium. Hadronic interactions are X[1=Ta(Eq)], ®)

incorporated through f—w—o) meson exchange in the \wheredp;=d3p;/(27)32E; is the density of states of par-
framework of relativistic nuclear mean field theory in the ticles with four momenta, = (E; , ), f:(E;) are the particle

presence of magnetic field. When considering very intensgjstribution functions which in thermal equilibrium are given
magnetic fields we should be careful about the effect of magpy  the usual Fermi-Dirac distributionsf;(E;)=[1

netic field on strong interactions because in this situation, the.g(Ei-,)]-1 and 1-f,(E;) accounts for the Pauli-
nucleons and mesons interact both with themselves, and Wit@locking factor for the final state particleg:’s are the
the magnetic field through their charges and magnetic Moznemical potentials an@=1/(KT). The transition rat&V,
ments. However, for fields not greater thart¥® we do not g '
have to worry about this problem.

In this paper, we calculate neutrino opacity for magne- Wi =(2m)*8*(P¢—P))IM|?, (6)
tized, interacting dense nuclear matter for the following lim- 2. _
iting cases: (a) nucleons and electrons, highly degeneratew_h_erel'v|| S the _squared matrix element summed over the
with or without trapped neutrinogb) nondegenerate nucle- initial ?]nd final spins. ic field. the densi
ons, degenerate electrons and no trapped neutrinos; and fi- In the presence of magnetic f|e_ » the density of states of
nally (c) when all particles are nondegenerate. The importan‘fh""rg(':‘d particles is modified and is given by

. dpiWsif2(Ex)[1—f3(E3)]

neutrino interaction processes which contribute to opacity s % eBL,/2 dpi,
are the neutrino absorption process dp;= 2—96, f dp f e (7
p p Pi ” ( ,O) . pIZ _eBL/2 (277)22E| ( )
vetn—pte @ where the sum over all occupied Landau levels is to be per-
and the scattering processes formed. For weak magnetic fields, several Landau levels are
populated and the matrix element remain essentially un-
vetN—v+N, (2)  changed14] and one needs to only account for the correct
phase space factor. In the presence of strong magnetic field,
Vet e—vete. (3)  the electrons occupy the lowest Landau state and the charge

) neutrality requirement then forces the protons into the

In Sec. Il we calculate the cross sections for these proground state. This statement holds for cold degenerate mat-
cesses in the presence of magnetic field. In Sec. Il the crosgy. For hot matter with temperaturesl0 MeV and density
sections are calculated in the polarized medium when thegli_ 1¢l2g/cc, the protons are not so severely affected by
magnetic field is very strong and density is such that thgne magnetic field. This happens because of the presence of a
electrons and protons are confined to the lowest Landayizaple number of positrons at these densities and tempera-
level. For the purpose of calculating reaction rates we treafres, thereby modifying the charge neutrality condition. In
the nucleons nonrelativistically and the leptons in extremgne presence of such intense magnetic field, the matrix ele-

relativistic limit. In Sec. IV we discuss the results. ments have to be calculated by using the exact wave func-
tions of relativistic electrons and protons obtained by solving
1. NEUTRINO CROSS SECTION the Dirac equation.

The neutrino processed)—(3) get contributions from In a gauge in which the vector potential As=(0xB,0),
charged as well as neutral current weak interactions in th€orresponding to a constant, uniform magnetic field inzhe
standard model. For the general process direction, the quantum states are specified by the quantum

numbersp,, p,, » and S and the energy eigenvalues are
v(P1) +A(P2) —B(p3) +1(pa). (4)  given by[11,12
|
& =[m?+pi+eB(2v+1+s)]*? (8
&= \/m;2+ p2+eB(2v+1+5)+ k2B2+ 2k Bs\m 2+ eB(2v+1+s) =EP .~ UB, 9
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and For neutrons we have
o m*2. n2, . 2R2 \/m: n_yyn 1 _
& \/mn +p kB +2k,Bsypi+py+tmy “=Eg—Ug, W, (1) = ———e PasOy, (ED), (20)
(10) ’ vLiLyL, ’
where «x, and x, are the anomalous magnetic moments of 1
protons and neutrons given by U, =— Xs (21
"m0
K=o | g (12)
p 2m, | 2 ' and
m: —«,Bs -
__© On Epe~ ——=——+p?+UJ, (22)
Kn_zmn 2 ’ (12) ! mn
whereg,=5.58 andg,= —3.82 are the Landg factor for with
protons and neutrons, respectively. We have here neglected M, =M’ — «,Bs. 23)

the contribution of the anomalous magnetic moment of elec-

trons.Ug, Ug, my are given in Appendix A. Neutrino wave function is the usual plane wave
v=n+ 1/2+s/2 characterizes the Landau level. The elec-

tron wave function in the lowest Landau state 0 has the 1 o)
energyES _,=(mZ+ p?)2 with the wave function V,(r)=——==¢e "U,(E,). (24)
9yEq 1= (mg+p3) \/X—yz s
14
\If(r):(i%) 1 e 1 (Eet=pyy—p2) 012 (E,) HereU, s is the usual free particle spinoys is the spin
T '/LyLz efTe spinor and the wave functions have been normalized in a
(13)  volumeV=L,L,L, and we have the normalization
and the positive energy spinors in state 0 are given by _
> U Ug=2mM3,z. (25
0 Spin
U _ 1 Eetme (14) We first consider the neutrino-nucleon procesdgs(2).
el VEe+mg 0 ' In the presence of weak magnetic fields, the matrix element
-p; squared summed over initial and final spins in the approxi-

mation of treating nucleons nonrelativistically and leptons
Nucleons are treated nonrelativistically. In these limits therelativistically is given by

proton energy in the lowest state is given by

M’ — kpB p? > [M|[?=32GE cog mymi[ (C5+3CR)
E 1= =+ (- x.B) +U§, (15)
P pT P +(C{—Chcosb, , JEE,, (26)
where whereCy=gy=1, Co=g,=1.23 for the absorption process;
mpzm;—KpB (16) Cy=—1, Cp= —1_.23 for neutrino scattering on neutrons;
andC, = —1+4 sirf §,=0.08,C,=1.23 for neutrino proton
and the wave function is scattering. _ _
The effect of strong interactions on charged and neutral
eB\ ¥4 1 - , current neutrino interactions is incorporated in the frame-
V(r)=|—| —=e "Fod Py P22y (EP), work of relativistic mean field theory. The nuclear matter
™ VLyl, consisting of neutrons, protons, electrons with or without

17 neutrinos is considered i equilibrium in the presence of
magnetic field. Hadronic interactions are taken into account
by considering the nucleons to interact by exchanging scalar
(o) and vecto(w, p) mesong11]. The composition of matter

U, 1(ER)= L(’“) (18) s calculated for arbitrary magnetic fields and temperatures

PETY om0 without making any approximation regarding relativity and
degree of degeneracy of various particles. For the effect on

whereUpyl(ES,l) is the nonrelativistic spin up spinor

and weak rates, we however treat the nucleons nonrelativistically
and obtain neutrino cross sections in the limits of extreme
_ _ By degeneracy or for nondegenerate matter. This simplifies the
&=veBl x— —=]|. (19 . . . -
eB calculations considerably without compromising the results
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FIG. 1. Variation ofY,, andY, with ng for B=0, 1¢%, 10" and 5< 10" for T=5, 30, and 60 MeV {,_=0).

in any significant way. This results in replacing the nucleon
massm by its density dependent masg and the chemical
potential by the appropriate effective chemical poterieke
Appendix A).

A. Highly degenerate matter

The absorption cross sectigh) for this case can be cal-
culated by using Eq(14) in Eqg. (5) by the usual techniques

We present here the results for interacting nuclear matte?lnd we get, for smal,

consisting of neutrons, protons, electrons and neutrffars
the trapped case where lepton fractp=Y+ Y,,e is held

o(E,,B) GFCOS)

fixed at 0.4 for nuclear densityg varying over a wide range
(10"°—10)n, and at temperaturég=5, 10, and 30 MeV. In
Figs. 1 and 2 we show the effect of magnetic figitkasured
in the units ofBg, viz., B* =B/B and the critical magnetic
field for electrons iBS=4.413x 10*G) on the composition
of nuclear matter, vizY,, Y, andY,, as a function of

nuclear density folf=5, 30, and 60 MeV for the neutrino
trapped and untrapped cases, respectively. The effect of mag-
netic field is to raise the proton fraction and is very pro-
nounced at low densities. At densities relevant to the core of
neutron stars, one requires very high magnetic fields to
change the composition. The effect of including anomalous
magnetic moment also becomes significant at field strengths
typically =10° which can be seen in Fig. 3, where we have
plotted the proton and neutron fractiolg and Y, and the
effective nucleon mass as a function of density for large
magnetic field 5 10° with and without including the effect
of anomalous magnetic moment of nucleons.
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which reduces to the usual res[d8] in the limit B— 0. The
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FIG. 2. Variation ofY,, Y, andY, with ng for B=0, 1¢, 10" and 5x 10" for T=5, 30, and 60 MeV Y, =0.4).
case of freely streaming, untrapped neutrinos is obtained o (E.) Gﬁ C(yg9
from Eq. (27) by putting »,=0 and replacingu. by (ue N E 5 C(C\2/+ 3Ci)mﬁ2T2Me
\Y, 16w
+E,).
When the magnetic field is much weaker than the critical (E,— u,)?
field for protons, only electrons are affected and the neutrino- e+ %)
nucleon scattering cross-section expression remains un- > (28)
changed by the magnetic field. The numerical values, how- 1+ (E,—uy)
ever, are modified due to changed chemical composition. eXp—

The cross sections are given by
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If neutrinos are not trapped, we get in the elastic limit whereny is the nuclear density an@=m,—m,

2
on(E,) _ GFCos
= (CZ+3CMEPTIE,.  (29)
\% 167 )
(E,,B) Grcos
. . . OuN\Ey, c 2 2 2
The neutrino electron scattering, though important for en- v = (Cy+3Ch)n\Es. (33

ergy momentum transfer, is subdominant for neutrino opac-
ity calculations which get major contributions from the ab-
sorption reaction in the neutrino trapped regime and by
absorption and scattering processes on nucleons in the othéthe electrons too are considered nondegenerate we get
regime. The electron-neutrino scattering in the presence of
arbitrary magnetic field has been evaluated in the literature
by [14]. Here we will consider the interesting case when the
electrons get totally polarized by the magnetic field. For oA G,2: coiC
completeness, we give below the neutrino-electron scattering = T(g\2,+ BQi)nNE,Z,, (39
cross section in the absence of the field for relativistic de-
generate electrons and neutrinos in the elastic approximation

2G2 coi 2TE2
O e F c 2 2 Me v 2
v 3w 1+e AR sz ——(C{+3ChnER, (35)
which in the untrapped regime goes over to
2
%22GFCO§°(CZ+CZ) 2TE2 31)
Y 3md VT A Mel s,, AGEcos
N- A TE(Cy+Cw? (36)
B. Nondegenerate matter
We now treat the nucleons as nonrelativistic nondegener-
ate such thau;/T<—1 and thus the Pauli-blocking factor IIl. NEUTRINO CROSS SECTIONS IN POLARIZED
1-fy\(E;) can be replaced by 1; the electrons are still con- MEDIUM

sidered degenerate and relativistic. In the approximation
which is valid near the neutrino spheres for the protoneutron When the magnetic field exceeqié(e)/z, all the elec-
star in the Helmholtz-Kelvin cooling phase, the cross sectiortirons in matter occupy the lowest Landau state0 with
) their spins pointing in the direction opposite to the magnetic
oa(E,,B) CF coic 5 5 field. In this situation charge neutrality for degenerate matter
v = 2, (Cut3CAN(E,+Q) forces the nonrelativistic protons to be also in the Landau
ground state but with their spins aligned along the magnetic
Vmax field. In this situation matrix elements cannot be considered
X e FEFQ o GBZO (2-6,0 unchanged and should be evaluated using the exact solutions
. of the Dirac equation for charged particles in magnetic field.
1 Using the wave functions given in Sec. Il, the square of the
X , (32  matrix elements for weak processes can be evaluated in a
V(E,+Q)?—m;—2veB straightforward way and we get

1
[M|3=8GE cos 6.m; m§<E4+p4z>[<gv+gA>2<E1+plz>+4gi<E1—plz>]exp[— 5eBL(Puct P20+ (Pax+ Pa)? .
(37)

: (38

1
[M[%,=16GE cos) Cim *(py- p4+2p12p4z>ex;{— gL (Paxt Pr)(Pay=P1y)°]
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M |2 = 16G¢ CO%C[(C\Z/-i- Ca) (E1E4+ P1,P4r) (E2E3+ PosPsy) — (E1pay+ E4p1) (EoPa,+ Espay))

+2CyCA((E1E4+ P12P42) (E2P3,+ E3P2,) —E1Pa,+ EaP1)(E2Es+ p2yPs,) ]
1 2 2
Xexp — ﬁ[(mx— P1x) "~ (Pay— P1y) ]| (39

The absorption cross section is now given by

oa(E1,B) 1 eBL2 dpsydps, [eBL2 dpgyd p4z 3 2
vV - ZElLX (27T)32E2 —eBLx/Z.f—OO(Z’n') 2E3 f—eBL/ZJ—w 27T)22E4 ) 5(Py)5(Pz)5(E)|M| f2(E2)
X[1—-13(E3)][1—f4(Ey)]. (40)

The corresponding scattering cross sections are obtained by interchanging the particle 2 with 4. Integchs, dypgy can

be performed by using thg-component momentum conservi@gP,) function and giveeBL,. d{), integral can be per-

formed by usingS(P,) = (1/p,) & (cosé,—(ps,+ Ps,—P1)/P2) and gives Zr. Here for simplification we have replaced the angles
appearing in the exponential factor by their average values. It is not a bad approximation since the exponential factor is indeed
of order one in the high field limit. We thus obtain

oa(E1,B) eB dps, d p4z
T~2_I517)3’_fd 2 5(E)|'V||2
fo(Ex)[1—f3(E3) I[1—f4(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 overcomponent of the electron and proton momentum into integrals over the electron and
proton energy respectively by using the energy expreq8ipfor »= 0. Further, since for strongly degenerate matter, particles
at the top of their respective Fermi seas alone contribute, we replace the momenta by their Fermi momenta. In this approxi-
mation we get
<)

UA(El,B)~G,2:CO§0C mimi T2\7 o+ 2
V. (2m)° °Cpe3)E; 2 (1+e B deszsdEA S(Eq+Ep—Es—Eq)fa(1—f5)(1—f4)[(Qy+0n)
1)+pr(2)1*—[pr(3) — pr(4
X (E1+P1z) +404(E1—P1,)] exn(—[pF( [EPl )]ZeépF( [P} )0([DF(1)+pF(2)]2
1)+ pe(2)12—[pe(3) + pr(4) ]2
_[pF(s)_pF(4)]2)+EX[{—[pF( ) pF( )]ZeépF( ) pF( )] )0([pF(1)+pF(2)]2_[pF(3)+pF(4)]2)
(42)
Carrying out the energy integrations
kil
oa(E,.B) Gfcoo, _ mrmy T2 T ,
Vo @m® °BpinE, 2 (1re &M LOvTOT(E, +P.2) +49A(E,—P,2)]
n)+
o] PP o+ e
(n)+pe(v)]*~4pi(e)
+eXp(_[pF pFZ:B] - )‘9([pF(“)+pF(V)]2—4p§(e)), 43)
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where we have made use of the fact that for electrically ; (E B) GZco 6,
neutral mattepg(e) =pge(p) and that twoé functions corre- v =&~
spond to the fact that-component momentum conservation
Pnzt Pyz= Pezt Ppz= Pr(€) = Pr(p) depending on whether —4C,Cxcosb] (49
both electrons and protons in their Landau ground state are

in the same direction or are opposite to each other. The cader the trapped neutrino case and

of freely streaming neutrons is obtained from the above by

T2eBpu,[(CZ+ C3)(1+cos 6)

putting p(») =0 everywhere. o,o(E,,B) 2GZcog 6, .

For the case of neutrino-proton scattering, we can perform— v~ (2)3 TeBE[(Cy+CR)(1+2cos 6)
the integrals in the degenerate limit by usifgp,, as
Jdp,,dé (p3,/2ms —p?(2)/2m5)de, and likewise for —6CyCxcost] (50

fdp,,, Whereei:pizz/Zmi*. d®p, integral can be performed
by choosing  p;=E;(0,siné;,cosb,) and o for the untrapped case.

=E4(sin 6,C0S¢4,SiN 0, Sin ¢4,C0S6,). d(cosb,) integral is

performed as before by using(P,) and noticing that B. Nondegenerate matter

cos6,=py,/p4 alone is allowed when initial and final protons  |ntegrals can again be performed in the nondegenerate
move along the same direction, in the opposite casef£os |imit and we get

=[2pe(p) + p1l/Ps=>1 and thus is not allowed. Approximat-

ing the exponential factor by 1 we get aa(E,,B) Gﬁ cog 6, 1
= eBcogny — -
V 477 e (EV+Q mue)ﬁ+1
o,p(E;,B) GEcos 6, ms> eB , ,
V. @n® pi2 2 X[((gy+9ga)?+4g2)+ (gy+9a)*—492)],
2 (51
dee dezdE, Eﬂ—%
o = 0(E, B) 26FC0S CR P,
= er dpo,fa(Er)| E,+
Xfy(1—F3)(1—f4)8(Eq+ €,— e3—Ey) Vv (2m)° 0 2m,
(44) 2 1 2
X|| E,+ pzz)(z——(E,,+ D2z )
Gfcos 6, mi?  eBT? 2y 3my 2my
T2 ppr2 2 _Eﬁcos’-Bergz
2, (Evm i) e
i T P2, . 2GEcog Ch
(1+e*(E,,*,U~,,)/T) \/LV+ Ev . ( 5) ZTEvnp, (52)
GEcos 0, my? where
-~ eBTu,(1+cog )
64 pi(p) ICBT# oB
(48 =52 f f2(Eo)dps, (53

becausd-,= u, andf is the angle which the neutrino makes _
with the magnetic field. For the case when neutrinos are ncaand we have ignored terms 6f(p2/2m,).

trapped we get For completeness, we give below the neutrino-electron
cross section for the case of nondegenerate electrons too,
o,p(E,,B) Gé cog 6, m;2 ,€B though here we do not consider the regime of nondegenerate
Vi = 2m°  pa(p) a5 electrons
2 E,,B) 4GZcog 6
P1, dE, ZuelSy:8)_ 25 “eB[(C%+C2)(4+cog 0)
Xf E4+E—l (El—E4)m V (277_)3 \% A
(47) * EcEe
—4C\C, COS@]E,, o W (59
GZcos 6, my? E2eB
2 v
= ——0iT — —(1+2 cog 0).
(2m° p,zz(p) g 22 zG—En TE [(CZ+C2)(1+cos2 0)
(48) o el \Y A
Likewise for the neutrino-electron scattering we get —4C,/C, cosd], (55)
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where 10 .
2eB (=~ ~ BPexg 2eBT 56) i
n.= e e = 1 e
for nondegenerate electrons. = - .
g < DIE  7—60,B=5x105 — 3
: Z‘/i’ = = 4
IV. RESULTS AND DISCUSSIONS ool < L5305 =0,510
We now present neutrino opacity results for interacting T=60.B=05x10F ————u ___ E
magnetized neutron star matter consisting of nucleons, elec ool 00wy N
trons and trapped as well as freely streaming neutrinos foo. """ g 0.2 04 06 0.8 1 1.2 1.4 1.6 1.8 2 2.2
densities ranging over a wide range (£6-10)n,, tempera- ng
ture (5-60 MeV and magnetic field varying frorh(0-5)

100 ¢
X 10°1BS. The composition of matter at these conditions has - ' ' ' ' ' ' ' '

already been shown in Figs. 1-3 in Sec. Il and the effect of
magnetic field including anomalous magnetic moment of
nucleons discussed. We first consider matter in the core o
neutron stars where matter is degenerate. At these densitie
relativistic effects can be important and should not be ne-~ - T =30,B=0,5x 10"

glected, however, for simplicity we have evaluated the ma- 0.1F O e e U

trix elements in the limit of nonrelativistic nucleons. Relativ- S e g .
istic kinematic effects are expected to be typically of the %01 F T =60,B=0,5x 104 7
qrdgrpF/M* in the degenerate limit and one can modify the : . . . . , . . . 1
limiting expressions(27)—(29),(43),(46) for absorption and b — o ud 0B 08 I L2 14 18 Ls
scattering cross sections by replacing the effective mass o ng

the nucleons NI7,M7) by the corresponding effective

chemical potentials;(;,ﬂg), respectivelysee Ref[1] for a FIG. 4. The first figure shows the variation ®f with ng for
discussiol In our numerical calculation of the neutrino Untrapped degenerate matter Br0, 5x10%, and 5<10° at T

mean free path we have made this change. In the neutring 2 30, and 60 MeV. The second figure shows the variatioR ,f

free case Y, =0), the neutrino absorption cross section dugVith Ne for trapped degenerate matter Br=0 and 5<¢10* at T
Y”e ) P =5, 30, and 60 MeV. The effect of anomalous magnetic moment

to reaction(1), the direct URCA process, is highly supressed, 55 heen included for all fields.
due to simultaneous nonconservation of energy and momen-

tum for degenerate matter. This happens because for degen- ) .
erate nuclear matter, the direct URCA process can take placaté and the charged current absorption process dominates

only near the Fermi energies of participating particles and®Ver the scatteri_ng processes, the neutrino-nucleon scatter_ing
simultaneous energy momentum conservation sets the coR€iNg the most important of the scattering processes. In Fig.
straint pe(€) + pe(p)=pg(n), the proton fraction required 4we show t.he neutrino absorption mean free path as alfunc—
for this constraint to be satisfied has to be greater thafjon of density for different temperatures and mqgnetlc fields
~11%. The proton fraction calculation in nuclear matter is’0F degenerate matter. The upper and lower figures corre-
however very sensitive to the assumption that goes into théPond to neutrino free(, =0) and neutrino trappedY(
microscopic theory of nuclear interactions which are not well=0.4) matter. In the neutrino free regime, the neutrinos are
known[15]. In the present work, this constraint is satisfied atthermal and we take the neutrino energy to be equalTo 3
moderately high densities, namelyg>1.5n, (see also for calculating the mean free paths, whereas in the trapped
[11,16]), whereas in some recent potential models with threeregime, the neutrinos being degener&gs u, is the appro-
body interactions and boost corrections, this occurs at denspriate neutrino energy. In this high density regime, the effect
ties in excess of-4.5n, [17]. Since the effect of magnetic of magnetic field on absorption mean free path is not signifi-
field is to increase the proton fraction, at sufficiently highcant unless one goes to extremely high magnetic fields where
magnetic fields depending on the density, the constraint ithe matter becomes completely polarized and the lowest
satisfied and direct URCA process proceeds. In the case dfandau energy level is occupied. This happens Ber5
extremely high magnetic fields capable of confining elec-X 1058{; in this density regime. The rapid fluctuations in ab-
trons and protons to the lowest Landau level, this constraingorption mean free path around the zero field value reflects
is not even required and the absorption process proceeds tee appearance of a new Landau level contributing to the
can be seen from E@42). Furthermore, in this situation the reaction rate. For the case of polarizing magnetic field, we
cross section develops anisotropy. Similarly at high temperahave evaluated the absorption mean free path for neutrinos
tures (see Figs. 1 and)2the proton fraction rises and the propagating along the magnetic field. The asymmetry in the
contribution of the direct process exceeds the neutrinoabsorption cross section for neutrinos propagating along and
nucleon scattering process. opposite to the direction of magnetic field is roughly of order
In the neutrino trapped regime, all the particles are degenef 10%. In Fig. 5 we exhibit the neutrino scattering mean
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A 1 \
100 | ’ 4 10 W .
] ~ n
] Y
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] i
0 02 04 06 08 1 1.2 14 16 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
np np
10 T T T T T T T T 10 T T T T T
< T=30 MeV T= 30 MeV
R FIG. 5. Variation of neutrino
\ . mean free pathag (s=n,p,e)
© 4 _ \ with ng for degenerate matter for
> 1k 4 L _ J
P e S B e T=5, 30, and 60 MeV and foB
| % =0 and 5< 10*. The left panel is
_ = /*/\ for untrapped matterY(, =0) and
1 P S T R S T R 0.1 . | | . . . the right panel is for trapped mat-
02 04 06 08 1 12 1.4 1.6 18 2 02 04 06 08 1 1.2 14 1.6 ter (Y, =0.4).
npg ng
1 T T T T T T 1p T T T T
r=60 Me¥/ EN T= 60 MeV
N -
Qe
Ae &
2 01 5 - R A\” .
/\ E da q
—
T
0.01 1 1 1 1 1 1 1 1 1 0.01 1 1 1 1 1 1 1
02 04 06 08 1 12 14 16 1.8 2 22 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

np

free paths\,, N, A On neutrons, protons, and electrons, at T=5 MeV for magnetic field varying between 0 to 5

respectively, foB=0 and 5x 10" and atT=5, 30, and 60

X 10*. We find that the absorption cross section increases,

MeV. The left panel correspond to the neutrino free and the.e., mean free path decrease with the increase in magnetic
right panel to the neutrino trapped degenerate matter. Thield. In Fig. 7 we have plotted the neutrino scattering mean
effect of magnetic field on these scattering mean free paths fee paths\ ,, Ap. \¢ as a function of density af=5, 30,

not significant at these densities. At low densitiag

and 60 MeV forB=0 and 5< 10°BS. We find that whereas

=(10"°-10"%)no, the nucleons are nondegenerate, the\ and\, increase with the magnetic fieldl, decreases.

electrons continue to remain degenerate except at high tem- |, summary, we have studied the neutrino interactions
peratures and the matter becomes neutrino free. Magnetigtes through charged as well as neutral current weak inter-
field in this regime has important effect. In Fig. 6 we havegactions in hot, dense magnetized, interacting nuclear matter
plotted the absorption mean free path as a function of densityyer a wide range of densities and magnetic fields. The effect

100000

T P=5 MeV '
10000 | -
1000 ]
- ™ 4
< | ]
100 | .
e =5x 10" 7
1 i PR PR i i
le-05 0.0001 0.001 0.01 0.1
np

FIG. 6. Variation ofA 4 with ng for untrapped nondegenerate
matter forT=5 MeV andB=0, 100, 1d, and 5< 10",

of including anomalous magnetic momemt of nucleons on
the structure of nuclear matter shows up only when the mag-
netic field exceeds- 10°BS and results in further enhance-
ment of proton fraction at low densities and lowering of
effective nucleon mass at high densities. The effect of mag-
netic field on neutrino mean free paths is most pronounced at
low densities and results in a substantial decrease in the neu-
trino absorption mean free path in addition to developing
anisotropy.
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APPENDIX wn=pun—Up, (A7)

For determining the composition of dense, hot, magne-
tized matter, we employ a relativistic mean field theoretica@nd
approach in which the baryoriprotons and neutronsnter-
act via the exchange af—w—p mesons in a constant uni- My=MN—0,, %0, (A8)
form magnetic field. Following Refl1] the thermodynamic

potential of the system can be written as ngngwo‘*‘gpNTszo- (A9)
1 2 2 1 2 2 1 2 Bz ] H i H
Q:—Emwwo—zmppo-i- Em"02+U(U)+8_+Z Q;, In the mean field approximation, the thermodynamic
™o quantities are expressed in terms of thermodynamic averages
(A1) of meson fields which are assumed to be constant and are
wherei=n,p,e, v relatgd to the baryoni_c and scalar number densities through
the fixed equations, viz.
U(o) 1b ( )3+1 ( )* (A2)
o)=zbmy(g, o —C(g94,.0)", dU(o)
° e mi(o)+ = = gn(n+ng), (AL
and
1 Mi{ o) = Gun(Mn+1p), (A1D)
Qe=— ,8(2—77)22 > f dp,In[1+e A&s ke, (A3)
* MZ(po) =Gpn(Np—Nn). (A12)
1 * o .
Q,=-— WE > f dp, In[1+e AELsmp)], The number densities are given by
™ S v
(A4) eB oc dp
=532 2 | o, (A13)
1 n * m s v 0 l+eﬁ(£vy5 Mp)
Q== s, f d3pIn[1+e A& rn)], (A5)
B(2m)" <5
> @b (A14)
n [ — e —
1 "2m)PS f 1+ eBE—gmy’
Q,=- de In[1+e™ A& m)], A6 Tems T
. i . eB dpz
The energy eigenvalues are given in EGH—(10). The ns= m*z E
. A - « P 2420 P BED —un)y’
chemical potentialg.y, and the effective masses, of nucle- s v )8 (L+eFtnsTHp))
ons are given by (A15)
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my, d? whereY.=n./ng, Y, =n, /ng and the condition of8 equi-
S= _gn P e e
"= 2m? 4 1+ Pl m)y (A16) Jibrium
S

. " . =yt pe— A21
The net electron and neutrino number densities are given by Ko™ Kp™ He™ My (A21)

eB self-consistently for a given baryon density
ne:ﬁz (2_5”'°)J' dp. Ng=Ny+nN,. (A22)

1 .
o (— )| (AL7) The coupllng constant,y , 9,n, 9,n . D andc are taken
L+e[B(E— 1)) from Glendenning and MoszkowsKL8] by reproducing the
nuclear matter properties and the numerical values are given
and by

1 (_ ) go’N_ —1
(1+e[ﬁ(gu_ﬂv)]) My M) |- m_—3434 fm s

(A18) ’

X

1 st
nve_(zﬂ_)S p

All the thermodynamic quantities are now obtained by ?T]LN=2.694 fm 1,

solving the field equationgA1)—(A18)] along with the con- @
dition of charge neutrality

gpN_ _q

o= (AL9) m, =21 fm -,

and trapped lepton fraction b=0.00295,
YL=YetY,, (A20) c=-0.00107. (A23)
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