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Introduction

@ Study the effects of magnetic field in the interior of neutron
starts (specific heat, thermal conductive, emissivity);

o Relativistic mean field theory of nuclear matter;

@ Cooling of neutron stars by neutrino emission - Direct
Urca Process
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The relativistic mean field theory of nuclear

matter (Walecka model)

The Lagrangian that describes this model is (Glendenning, 1997)
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where yy, is the Dirac spinor for the baryon octet (n,p,\, X, =),
y; is the field of leptons; 6, , p are the mesons; gs, 9w and gp
are the coupling constants of the nucleons; D* = d* + jeA* and
A° =0, A= (0,xB,0); U(c) = 1bmn(gonc)® + 1 c(gonc)*
is the term of self-interactions.
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Equations of motion

The Lagrange-Euler equation is given by

9L 4 9L
29(x) " 9(du)

where @(x) is the field. Then for the Lagrangian above, the
equations of motion are (Chakrabarty, 1997)
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Meson field equations

Mean Field Aproximation

The meson field equations in mean field aproximation are
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Po3 = (g,’;? ) Y %pbhbPo,
p

m;, = mn+bmn(9“”) (M —mp)2 +c(mp— mp)® =Y ns,
b

Meon

where @g, po3 are the mean fields of w-meson and p-meson;

l3p is the 3—component of the isospin; m* = Mp — Xsp9Gono and

) 9pb
Xob = gfﬁ, Xob = 22 Xpb = an
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Meson field equations
Scalar density

The scalar density is given by

ng = nd=°+ nd7°,
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where q is the charge of the baryon b, i} is the effective
chemical potential, k and Kp, ,, are the Fermi momentum of the
uncharged and charged baryons, Vg (p) is the maximum
Landau number
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Vmax(b) and chemical potentials
The Fermi momentum of charged baryons is
Kb v, = Uif + M2 —2v,eB.

The upper limit Vp,4y(p) 18 defined by the condition kg v >0,
then

*2 *2
. My — M
Vmax(b) = 1t [ bZGB °

The chemical potentials of uncharged and charged baryons

1% = XobGon®o + XppGpnlabpos + (k& + mi2)/2,
Hg#o = Xob9wn®o + XpbgpnISbPOS + (kg,vb + m22)1 /2
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B-equilibrium condition and baryon density

In the B-equilibrium condition

,le = ,Lln + qb.uea

where U, and e are the chemical potentials of neutron and
electron, respectively. The baryon density is

g=0 kb
Pp 32
Vmax(b)
0 eB (
PEHé = o2 Z kab,v(b)

v=0
and to leptons (electrons and muons)

Vmax

Z gV 1vy»
v=0

where g, =1 (v =0) and g, =2 (v > 0) is the spin degeneracy.
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Vmax(/) @and conservation equations

The Fermi momentum of leptons is
2 2 2
ki, = ur + my —2v|q)|B

The upper limit V() is defined by the condition klz.v, > 0, then

up—m |
Ymax) = "2[q B

Conservation of the quantity of baryons and neutrality of
electrical charge

8
p = Zpb,

b=1
Z QbPb — Z pi

I=e,u

I
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Energy density

The energy density total of the system is
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Numerical calculation

@ The system of coupled nonlinear equations that describes
the matter is solves numerically by iteration;

@ Newton-Raphson method with global search of the
solution;

@ As output of the numerical calculations, we obtain the
relative population of each species of particles as function
of baryon density and energy density;

@ We use the coupling constants given by NR model
(Chiapparini et al. 2009)
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Results

Relative Population
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@ The particle fractions in cold B-equilibrated neutron star with (B = 1.0 x 10'® G) (right
panel) and without magnetic field (left panel)
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Emissivity of neutrinos

Direct Urca process

@ Direct Urca process

n — p+e +ve,
p+e  — n+ve

@ Pn= Pp+ Pe+Pv;

@ Strong magnetic fields lead to an increase of the proton
fraction
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Emissivity of neutrinos
Direct Urca process

@ Weinberg-Salam theory for weak interactions, the
interaction Lagrangian is given by

Liveak = Ge cos Ol j*,

V2

where G is the Fermi Weak coupling constant, 6 is the
Cabibbo angle. Lepton and nucleon charged weak currents are

I = Wayu(1—7)yo,
M= Wy (9v —9ars) v,

gy and g4 are vector and axial-vector coupling constants and
the indices / = 1 — 4 refer to the n, p, e, Ve, respectively;
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Emissivity of neutrinos

Direct Urca process

The emissivity due to the antineutrino emission process in
presence of a uniform magnetic field By, along z-axis

e, — 2/ Valpy [ Vd®p, /qB’"L"/Z Lydpsy /PFP L-dps,
o 2n3 28 ) gBnly2 27 J-PF, 2&
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—gBmly/2 273 J-PF, 2%
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< Y Y EWuf(B)[1 - f(ps)][1 — f(pa)]
Ve=0vp=0

@ The prefactor 2 takes into account the neutron spin
degeneracy
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Emissivity of neutrinos
Direct Urca process

The transition rate per unity volume W is

< |Mg|? >
Wﬁ:|t—vl"

The matrix element My for the V-A interaction is given by

M= 2 [ dX (0P (9 — 919XV X)is(1 ~ 1) (X

where

@ <. > denotes an averaging over initial spin of n and a sum
over spins of final particles (p, €);

o y3(X)=(1/\/LyL;)exp(—iEst+ip3yy +ip3,Z)
= fp3yp3z(x);

® fpy,ps,(X) is the 4-component spinor solution
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Emissivity of neutrinos
Direct Urca process

@ The only positive energy spinor for protons in the chiral
representation is then

E§ +P3z
0
fggy p3z( )=Ny—o —m /v:O;Psy(X)
0
where
o Ny_og=1/ 2E§(E§ + P3z);
o EX = (p§Z+ m*2)1/2;

K
° ly—o,p,, = (%) *exp|-3 (X_e_/y-/)z]ﬁ

x Ho[v/2eH(x — £23):
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Emissivity of neutrinos

Direct Urca process

The transition rate per unity volume is
GF? 1
E1 *E2E3*E4 VSLyLZ

exp ((P1x — Pox)? + (Psy — P4y)2>
2qBm

Wy =

X

[(gv + ga)2(P1-P2)(P3-Pa) + (Gv — Ga)?(P1-Pa) (P3.P2)
— (9v®~ 0a?)m™(pa-p2))(27)°8(E1 — 2~ Es — Ey)
5(P1y — P2y —P3y — P4y)5(p1z — P2z — P3z — Paz)

X

X
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Emissivity of neutrinos

Direct Urca process

@ Then, the emissivity is

457 x PF,
EURCA = 504OG cos? Qc(qu)[(gv+Qa)2(1_ f)
0
2

_l’_ —_

(9v —9a)“( Nn )—(9v )Nplin]

(PF, +PF,)? —PE, | mhlipte g
X T°0,
29Bnm PF,PF,

where C0S14 = (P2 + %, — P%,)/2PF,PF,,
© = 0(PF, + PF, — PF,) is the threshold factor, where 8(x) = 1
for x > 0 and zero otherwise
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Results

Cooling of neutron star by neutrino emi
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Top panel: M = 1.4M, and bottom panel: M = 1.6M,,
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Thank You!!
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