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Introduction

o Neutron stars: R =10+ 15 km., M =1,4 Mg
o There were discovered massive neutron stars (M ~ 2 Mg),

neutron stars with strong magnetic fields (magnetars).
Cold electroneutral medium in S-equilibrium, consisting of
u, d, s-quarks and electrons.

These URCA-processes give leading contribution in
neutrino emissivity:

u+e —d+ v, (crossing), d > u+e” + 7 (decay).
Lagrangian of four-fermion interaction:

Gp cos O, - - a
=5 Bl + e Wy (L 77)el

Without magnetic field the neutrino emissivity is:

L=

Q ~ GiacpiupapeT®  <Iwamoto, (1980)>
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Inclusion of strong magnetic field

@ We solve the problem in approximations:

po kg > mi(p) > eB 2 g > T2
1) The magnetic field has small effect on QCD-dynamics
and equation of state of quark medium. The quarks take a
lot of Landau-levels.
2) The electrons take ground Landau-level.
e Substituting p, 4 ~ 500 MeV, ue ~ 30 MeV, we obtain
B ~ 10'7Gs.
o In the finite-temperature QCD:

20
2 _ st 2
mq(ru’) - 37 q-

@ The quarks are ideal massive gas, electrons and neutrino
are ideal massless gases in external magnetic field

me — 0, mq = mg(pq)-
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Evaluation of neurtino emissivity

@ The neutrino emissivity in crossing process:

Zdnuf Zdnef Zdnd 1_fd)Zd |Slf|

where sums mean summing under overall phase Volumeb of
particles, f; — are distribution function of particles, w - is
neutrino energy.
It is assumed in formula, that emitting medium is
transparent for neutrinos.

o Sums for u, d, e are:

San= S Y abl [ TR m={ 5 o

and we use thise gauge: B=B-i, A*= (0,0, Bx,0).
@ Summation for neutrino is:
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Evaluation of neurtino emissivity

o When we evaluate |Si|?, we use:

1¢(x x') dp
§ : Lo X —ip(x—x ) PN

where ®(x,x’) - is phase, E, = \/pg +2qeBn +m?,  py(p)
- is density matrix of charged particle in magnetic field,
which was summarized on spins.

o After simplification, the crossing emissivity is:

(cr) _ 3G cos? Gcgv d3Py d3p ‘
= Ty Zg“g“f g o J Pt

&Py
B
(L +e®)purs(1 + ™) Splay™ (1 +7°)per’ (1 + 7)),

where g = g—a.
\'4

(1—14) f d*kd*(P1 + p — P2 — k)Sp[faa:
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Evaluation of neurtino emissivity

The density matrixes for u, d, e, v are <Gvozdev, Osokina,
(2012)>

pelo) =20 F UL ) = 2k(1 ),
pu(Pr) = 2(~1)"e™ %
(P + m) (L () = Ly ()T + 2P0 Ly ()],
pa(P2) = 2(=1)"e %
[(Pa + m) (L (ua) L= = Ly -1 (ua) L) + 2P Ly 3 (ua)),
where u = Qpi/qu, ge - is module of particle charge, Ly, Lrllf1 -
are Laguerre polynomial, pj = p/ﬁﬁ, L= plﬁjf,

AR = (A AT A% A%), AF = Al - AK

Al = (A% 0,0,A%), Al =(0,-A", ~A%0),
I, = %[1 + oiy'4?] - fermion projection operator.
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Integrals on transversal components

It is necessary to evaluate the following integrals:
g = {[dPdPyy [ dPadPay [ dpydpy-

L () Ln (g Jexp | — Uy +ud + e

5 [6.(P1+p—P2—k),

Jomo _ j dP1xdPiy j dPaxdPoy f dpxdpy Py

Uy +ug +u
Lrll—l(uu)Lm(ud)eXP[ -

5 [6.(P1+p—P2—k),

Foma f dP1xdPiy f dPaxdPay f dpxdpy P
Uy 1 Ud + Ue

5 [6.(P1+p—P2—k),

Ln(uu)Lrln_l (uq)exp [ —

where

5J_(P1 +P—P2 _k) = 5(Plx+px _PQX _kx)(s(Ply +py _P2y _ky)
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Integrals on transversal components

After evaluations:

2
e = T (EBP (1)),

2

n,m)o al n+m n—1,m n,m
g =i T B n (107 - 10 ).

1

G 1 T (10700 1) ),

k2
where v2 = 5 V<1, and

[e.e]

0 = [ L2 ()0(Vu )

[ \/51

(2%) Lin (x)J1 (V6vV/X),

The special functions have maximum at m = 2n — 1
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Some approximations

o We denote:
En = /P2 +2geBn 4+ m2, 2qeBn = p?.

Accordingly for u-, d—quarks: P2 L= = 4eBn
o We have e << Lo, hd, and g < pq, that‘s why

AH

fufo(1 — £4) = £4(1 — £,)(1 — £.)e Te T
fa(1 —fu) = S-6(Ey — pa), Al = pa — pu,

qo —A M
xp(0k) — 1
For crossing and decay accordingly: q=p—k, q=p+k.
e Presenting §(E, — pq) in Lorentz-invariance form, we
obtain

S = dendEn/fd(l — £)0(Ew — En — qo) &

5 aP? q]

s , < 1.
2/1q pd
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Integrals on parallel components

Next we evaluate integrals on parallel components:

dP1,  dPo,
L= 50 ) E0P = P - )3(B2 — pa)

I(l)u _ dP1, (dPo,
V. " J E, Ey

dPl Z dPQZ
En By

0 (P2 = P1 — q)d(Ez — pa) Py

A2 3[(P2 = P1 — a)0(E2 — pa) Py,

dP1,  dPo,
I%ﬁz P P

5o ) L NP = Pr— )d(Bz - 1a) PSPy,

8| (P2 — P1 — q)d(Ez — 11a)(P1dP2) = 0.
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Integrals on parallel components

e Roughly we obtain:
20 (cos O — cos 6*)
R
where v}% =1— 2eBn’/ 3u§ - is square of Fermi velocity.
@ Other integrals can be expressed through Zg:

Is ~

2 2 2 2
g Z Ly g APLT A
v Qqﬁ S | ) v Qqﬁ S H 9

8
. qjq

700 = <a/\aﬁ + billz” )IS,
[
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Terms

In our gauge:

0 O 0 O
F,uu - B 0 +1 0 0 ) quu = B )
0 O 0 O
0 0 0 +1 .
~ 1 0 00 O ~ F
F = iemepa =Bl 5 00 ol 9w= g”.
-1 0 0 0
The tensors /\W,NW are:
0 0 00 1 00 O
01 00 = 00 0 O
Py = 0010}’ Py = 000 0|’
00 00 00 0 -1
Buv = AMV - /\MV'
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Convolutions

o Evaluating of emissivity, we can see, that

(p1dp2) — 0.

o We express other convolutions in terms qﬁ, kﬁ. For crossing;:

. k2_q2 . k2—|—q2 B q2_k2
(pAk) = % (kRq) = — N (piq) = %
For decay:

2 2 2 2 2 2
% qj—k ~ ki+q - at —k
(pAk) = % (kAq) = 41— (pAq) = % .

o We take leading contribution in S-matrix element:
2 2 2 2 2
Nd7P2J_ > q||7m 7A7DJ_'

o We neglect contribution from Ign’m).
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Summs

o From the conservation law of square components of
impulses, for crossing and decay accordingly:

2n—n' >0, n —2n>0.

@ Therefore we introduce new variables for crossing and

decay, and replace summs:

k=2n-n', k=n'—2n,

Ni 2n No n’
Z 2.0 )
n’ n=1k=1 n,n’ n’=0 k=1

where N = 3,u121/4eB7 Ny = 3u3/2eB.

in neutron star quark core wi
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The leading contributions in neutrino emissivity are:

QG% cos? 0c(g2 + ¢2)
(m)?

exp( — - Jexp( -

Qler) ~

(eB)?uZ auT?

eB (n2n—1) 1 + V@
)20 e
%

3uqT v%

(dec) ¢ 9v/7GE cos? 0. (g2 + g2)
44/2(m)?

_ in/ 1— 2
-eXp(_ = TAM)ZIE)27 ) VI%VF>
n/

) 9
(eB)pay/te(tte —ap+ 5 T)T2:

Q 2

where for crossing and decay accordingly: V% =1—4eBn/ 3;1,(21,
v =1—2eBn’/3u3.
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Conclusions

@ The direct URCA-processes in our approximations
po, g > ma(p) > eB 2 p2 > T?

,u(2ia P22L > qﬁa mszPJ%

are exponentially suppressed
1) The decay suppression is a consequence of small region
of overlap of statistical factors u- and d- quarks

qo —A M
exp(QO}AN) -1’

S = [ dBndEyfa(l — £2)(Ew — Bn — qo0) ~
0

2) The crossing suppression is a consequence of
one-dimensional kinematics:

w>€ €2 [le.

o The main question is how do URCA-processes go on at
gradual decrease of magnetic field?
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Thank you for watching!!
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