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Abstract. We study the neutrino emissivity of strongly magneidentification of SGRs with highly magnetized neutron stars.
tized neutron stars due to the charged and neutral current cbhiese objects were naturally related to the magnetars, which
plings of neutrinos to baryons in strong magnetic fields. Ttage thought to be remnants of a supernova explosion which de-
leading order neutral current process is the one-body neutrinetop high magnetic fields via a dynamo mechanism (Duncan &
pair bremsstrahlung, which does not have an analogue in ffeompson 1992, Thompson & Duncan_1995). The magnetars
zero field limit. The leading order charged current reactiaiso serve as a model for the anomalous X-ray pulsars (AXP)
is the known generalization of the direct Urca processes (i@mn Paradijs, Taam & van den Heuvel 1995) such as 1E 1841-
strong magnetic fields. While for superstrong magnetic fiel@45 (Kes 73) (Gotthelf, Vasisht, & Dotani 1999), RX J0720.4-
in excess ofl0'® G the direct Urca process dominates thg125 (Haberletal, 1997), and 1E 2259+586 (Rho & Retre1997).
one-body bremsstrahlung, we find that for fields on the order Neutrino-nucleon interactions in the strong magnetic fields
10'6 —10'7 G and temperatures a few time®’ K the one-body have been studied recently both in the supernova and neutron
bremsstrahlung is the dominant process. Numerical computgar contexts. It has been pointed out that the neutrino emis-
tion of the resulting emissivity, based on a simple parametrizgion from proto-neutron stars, which is anisotropic in strong
tion of the equation of state of theve-matter in a strong mag- B-fields, could produce the “pulsar kicks” if the fields are in
netic field, shows that the emissivity of this reaction is of thexcess ofl0'¢ G (Horowitz & Li 1998; Arras & Lai 1999 and
same order of magnitude as that of the modified Urca procesferences therein). The strong magnetic fields relax the kine-
in the zero field limit. matical constrains on the direct Urca process and hence give rise
to a finite neutrino emissivity even when the proton fraction is
Key words: stars: neutron — stars: evolution — stars: magnesmall (Leinson & Pere€z 1998, Bandyopadhyay et al. 1998). The
fields effectis most pronounced in the ultra-high magnetic fields when
protons and electrons occupy the lowest Landau levels. The di-
rect Urca process for arbitrary magnetic fields, when the protons
1. Introduction and electrons are allowed to occupy many Landau levels, has
) ] ) also been studied (Baiko & Yakovlgv 1999).
It is now Well.establlshed that _the neutron stars Wr11|20h allge 0b- The neutrino emissivities via the one-body processes sen-
served asradio-pulsars posgeéields of the order of0™*-10  gjtively depend on the abundances of the various species of
G at the surface. The mt_erlor fields are unknown, bu_t can be QXryons and leptons which are controlled by the equation of
several orders of magnitude larger than the ones inferred 5o (£0S) of the dense matter in strong magnetic fields. The
the surface. The scalar virial theorem sets an upper limit on ¢, magnetic fields lead to an increase of the proton fraction
magnetic field strength of a neutron star of the ordet®fG  pyoderick, Prakash & Lattimer 2000). The muon production
(Lai & Shapiro 1991). Similar conclusion is reached throughy, nion condensation in strong magnetic fields softens the EoS
more sophisticated numerical stud|_es (Bocquet etal.l1995). o the dense matter (Suh & Mathelws 1099). For the purpose of
Recentmeasurements of the spin-down timescales of seve@imating the magnitude of the neutrino emissivities, we em-

soft gamma-ray repeaters, such as SGR 0526-66 (Mazets eb@ i this paper a simple parametrization of the EoS for the
1979), SGR 1806-20 (Murakami etlal. 1994), and SGR 1900+ Ae-matter in strong magnetic fields.

(Kouveliotou et al.1968) with RXTE, ASCA and BeppoSAX  The main objective of this paper is to show that the strong

have made a strong case for SGRs being newly born neutignynetic fields open a new channel of neutrino emission via

stars that have very large surface magnetic fields (uptd one-body neutral current bremsstrahlung, which does not have
G). The subsequent discoveries of the SGR 1627-41 by BAT3R anajogue in the zero field limit. We also briefly discuss the

(Woods et al. 1999) and SGR 1801-23 by Ulysses, BATSE, afiflect Urca process, which is forbidden in the low-density zero-
KONUS-Wind (Cline et al['1999) lent further support to thg|q |imit (as long as the triangular conditif, + pre > prn
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of the relaxation of the kinematical constrains. We compare that the frequency summation and taking the imaginary part one
emissivities of various reactions using a simple parametrizatifinds the well-known result (Mattuck 1992)

of the E0S for theype-matter in a stron@-field. As a standard 3

reference for our comparison we use the modified Urca pronir, ,, (q,w) = 27r/ d°p (f(Eps) — f(Epiqs))

cess. The presence of a magnetic field has two different effects (2m)? ’ '

on neutrino emissivities: (i) in pure neutron matter it allows for (Eps — Epyqs +w), (2)
spin-flip transitions where the finite difference of the momenta L A(Bps—Er) 111 o
of neutrons at two different Fermi surfaces enables one to s§p€ref(Ep,s) = [¢”*7*~%r4-1] " is the Fermi-distribution
isfy energy-momentum conservation, (i) the charged particl1ction. The emissivity is then given by

occupy Landau levels leading to a smearing of the transverse Bp, Ppy

momenta over an amounte B, As a consequence there arévs =3 Y _ IMS,SIIQ/ o )Vg o )”3 dw d®qImll, o (q,w)

two typical scales of the magnetic field, where effects on the ss’ T m

emissivity are expected; first fdug|B ~ T which is rele- g(W)wé(w — w, —wy) 8*(q — p, — pr), (3)
vant in neutrino-pair bremsstrahlung from neutrons, and second L o .
eB ~ p2 relevant for the Urca process. wheregp(w) = [¢#“ — 1]7! is the Bose distribution function,

As well know, the emissivity of any particular reaction caf'® factor 3 comes from the sum over the neutrino flavours,
be related to the imaginary part of the polarization function 8d the weak interaction matrix (neglecting lepton momenta)
the medium (Voskresensky & Senatorov 1986, Raffelt & Secksll Ms.s|* = (GF/Q)Q(C\z/sz’s’ + 6?4(255,78] +0s,5)) With ¢y
1995, Sedrakian & Dieperirik 1999). We compute the polariz&dca the vector and axial vector coupling constants ahé
tion function of neutrons and protons in strong magnetic fieldfae Fermi weak coupling constant (see Appendix B).
employing the finite temperature Matsubara Green’s functions
technique. For the case of the bremsstrahlung the time-like prapeutrino-pair bremsstrahlung from neutrons
erties of the polarization function are relevant. The space-like(y, — 5, + 1 + )
properties of the polarization function, relevant for the neutrino-
nucleon scattering, have been studied by Arras &[Lai (1999) i the absence of a magnetic field the imaginary part of the po-
an equivalent response function formalism. larization function vanishes for time-like processes in the quasi-

The plan of this paper is as follows. The bremsstrahlum§ticle approximation, because energy and momentum cannot
emissivity is related to the polarization function of th&€ conserved simultaneously. In a pure neutron system a mag-
medium in Sect.2. The neutrino emissivity via neutrino-paftetic field B will give rise to a difference between the Fermi
bremsstrahlung from neutrons is discussed in Sect. 3 and tR@menta of the neutrons with spin parallel and spin anti-parallel
from protons in Sect. 4. The Urca process in strong magnecthe B-field (see Appendix A)
fields is briefly discussed Sect.5. The EoSwpk-matter ina 9 9 1/2
magnetic field is discussed in Sect. 6. Our numerical results B ~ (B —m” = 2smpin B) 2,
presented in Sect. 7. Sect. 8 contains our conclusions. Where'un — gne/(zm) is the neutron magnetic moment and
gn = —1.91 is the neutrory-factor and we assume, B < m.
For B # (0 energy-momentum conservation can be satisfied, and
as a result one may expect that a field with strefgthB ~ T
The neutrino emissivity of an infinite medium of interactingeads to a finite spin-flip polarization function wheneuer
hadrons can be expressed in terms of the imaginary part of thg|B.
finite temperature polarization functi®f(q, w), whereg andw
denote the momentum and energy transfer to the leptons. In §1f Polarization function
single-loop approximation the finite temperature polarization™
function in a magnetic field is a & 2 matrix in spin space In the time-like region it is preferable to use the relativistic

2. The bremsstrahlung emissivity

(Mattuck[1992) kinematics. The non-relativistic kinematics does not produce
5 the correct zero-field limifl(¢g,w, B = 0) = 0, rather a spu-
I, o (q,w) = -2 d p3 Z Gy (p+ q,ip+iq) rious finite contributiorlI(q,w, B = 0) x exp(—m/T). To
B (2m) evaluate the angular integral in EQl (2) note that the energy con-

i(p+q) . L2 . ;
servingd-function is non-zero if cos(6,,)| < 1, whered,,, is

Gs(p,ip), @) the angle between the momentum vegtasf the neutron and
where3 is the inverse temperature. The single-particle Greéte momentum transfer vectqr this condition yields the min-
function can be expressed@s(p, ip) = [ip— (E,.s—Er)] ", imal and maximal values of the three-momentum of neutrons
whereE is the Fermi energy angis the Matsubara frequency; (Pmin @n0pmax) for which the imaginary part of the polarization
s',s = %1 specify the initial and final nucleon spins. (We asfunction is finite.

sume the magnetic field along the positiveaxis.) Carrying To obtain a real solution fopmin and pmax Using the
relativistic energy/momentum relatiod? , = m? + p? —

1 We use the natural units,= ¢ = kg = 1. sgneB, the conditions: = [(4mpu, B + w? — ¢2)% — 4(m2 +




E.N.E. van Dalen et al.:

16

14 |

0 05 1

X

15 2

Fig. 1. Contour plot ofgImII, . (g,w) in units of n?/x) for s’ =
—s =1atB = 10'° G, T = 10°K and densityn = 0.155 fm >
with z = 8¢ andy = Sw.

2mun, B)(w? — ¢?)] > 0 ands’ = —s = 1 should be fulfilled.
The result is
|(—4mp, B — w* +q *)g — wfl
min\{q, = 4
and
—4dmp, B — w? 4 ¢®)q + wya
Pmax(q,w) = (Zamy )atwya (5)

2(w? - ¢?) ’

if b =2E, w+ 4mu, B + w? — g% > 0 andpmax(q, w) =
oo otherwise (note that,, < 0). Replacing the integral over
the absolute value of the momentynby an energy integral
dE/dp = p/E = p/m yields

G*Q(Emax+w) —+ 1

m Pmax pdp
ImHs,s’(qa w) = ?(f(E;D,S) - f(E;D—i-q,s’))
Pmin
2 —BEmin 1
(55/ 155 1 = m In € +
’ ’ 27Tqﬁ e*ﬁ(Emirer) + 1
—BEmax 4 1
—In c + >5sf,153,1 (6)

— sgnBe)'/? — Ep,.

with Emm/mdx = m +p in/max
Eé) isnon- negllglble onlyi,;,, <

Forlargestherhsof Eq

0 and E.x > 0. The latter condition is of minor importance,

since it is satisfied for almost ajlandw.
As is illustrated in Fig.11 for small’ the region in they,w-

plane wheregImII(q,w) is finite, is essentially bounded bprp

three straight lines (which become exactlimitsfor» 0); these
boundaries are essentially determined by the factg¢hat w

Neutrino-pair emission in a strong magnetic field

551

3.2. Emissivity

We have only to consider the cage= —s = 1, in which case
M2, = G%c% /2. By integrating over the neutrino momenta in
Eq [3) and introducing the dimensionless parameajets Sw
andx = (3¢, the emissivity can be expressed as

(oo}
T7/ dy
0

e_ﬁEmax + 1

4

G%c4m? Yy

2(2m)5 ev —1
) e_ﬁEmin + 1

/0 dx<1n€_6Emin_y+l_ )

To obtain some insight in the dependence of the emissivity on

B we distinguish three different regions &f (for simplicity
we take|q| = w, so that the integral over can be replaced by

2y/5)

— For weak magnetic field$y,,| B < T) the region in which
E,.. < 0 is proportional tou, B/T and peaks around
y ~ p,B/T. Fory < 1 one obtains

6I/l/

e = 1 @)

G%cAm?
30(2m)°

Whereymax /min = (2unB/mT) (
Hence for fixedl’, one finds

6
Ymax

T7( - y?nin)7 (8)

Ep

(9)

For strong magnetic field$.(,,| B ~ T') the Bose function
in Eq. (@) must be kept and the emissivity becomes

G%CZWLQ T7 /ymax dy yﬁ .
5(2m)° ev —1

€y X BG.

€vp R

(10)
The integral peaks arounk,|B ~ 37 with a width

o« Tpr,/m. As discussed in Sect. 7 fdB values in the
range|u,|B ~ T the emissivity becomes comparable to
conventional (modified Urca) process.

From Eq.[T) we see that for superstrong magnetic fields
(|en|B > T) the emissivity falls off exponentially with the
magnetic field for fixed".

4. Neutrino-pair bremsstrahlung from protons
p—>p+v+D)

In a magnetized matter in addition to the spin-magnetic field
interaction the charged particles (protons, electrons) are grouped
into Landau levels. The proton’s Fermi momentum in a magnetic
field for given Landau level numbéy¥ and spins is given by

(see Appendix A)

(E%‘p - m2

whereg, is the protory-factor.
The population of Landau levels leads to a smearing of the

— (2N +1 — sg,)eB)'/?,

and the conditiopmi, < pr,,. The latter can also be expressettansverse momentumyp,; ~ VeB, and as a consequence the
(neglecting all terms ip.,i, except the leading order terms incondition for energy/momentum conservation is softened. In the
m)asw > h~,w < h™ with h* ~ (2m|u,|B+pr,q)/(m*+  special case of a superstrong magnetic fieltl > (p}g)Q, only
(Prn)? )1/2. the lowest (V = 0) Landau level is occupied.
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4.1. Emissivity with v = (w? —w?)/(2eB), R and R’ the guiding center quan-
tum numbers andy, y- the associated Laguerre polynomials
&ee Appendix A). As in the case of neutron bremsstrahlung
only one spin configuration contributes & —s’ = 1). For
strong magnetic fields? > T2 /(4mup), the dominant con-
Il N5 ,s (s, w2) = /dpz [ (Epzns) = tribution to the emissivity comes frolV’ = N in which case
FEpor nt ) 6(Bpenes — Epor nro +ws + Unr ), (12) the weak interaction matrix can be simplified in cas&/ef < 1

Inthe present case itis convenient to define areduced proton
larization function for a specific Landau lewdl = p? /(2¢B)

wherew, = (w? — wi)l/2 with w; = (¢2 + qf/)l/z, Un'.N M2 9 G% 2 eBI
is the energy difference between the Landau levglsV’ Z M pN N4 = 5 Ao NN( )
and the proton energies,. v s are defined in Appendix A. RLR )
In evaluating Eql{D1) the integral over, is replaced by ~ CF 2 2 (17)
m/p )/ dE,. n,s, and after integration oveE,. n , one 2 Aor
obtams m Using the fact thal/y/ v vanishes fotV' = N, in this case the
Tl oG w2) =~ [ (Ea) + F(Ey) emissivity becomes
Prp
—f(Eq +w: + Unin) = f(Ep + ws + Uniw))] 2 _ _ z“‘: 24mc GEup BT’ / 1y
Vo = Y

. 4(2m)3 ev—16

with N=0
Yy Yz
Ea,b = (m2 + ]N)i b + (2N + 1 — Sgp)eB)l/z, (13) / dyz d-rz ImHN,N,—,-l—(-rz; yz)a (18)
’ 0 0

wherep, andp, follow from the condition of conservation of
z-momentum and energy. To obtain real solutiongifpandp,
the conditions! = (¢ — w? +4mu, B)? — 4m?(w? —¢2) > 0
(neglecting some small terms) and= —s’ = 1 should be
satisfied. The result fgF, andp, is

| — (4mppB + ¢2 — w2)g. + Wz\/g‘
2(w? - ¢2) '

We note that the polarization function essentially vanishes
less p, and p, are close to the Fermi momentupjzév =

wherey = w/T, vy, = w,/T, z, = q./T and Nyux =
(pJIEg)/(ZLmuBB). In weak magnetic fields when EG{17) is not

a good approximation, the summation ogémust be restricted

to (4mupB)/(36172). In general the integral over, must be
carried out numerically. In case ¢f,B ~ T the main con-
tribution comes fromy, = y, and as a result the emissivity
of neutrino-pair bremsstrahlung from protons is very similar to
neutrino-pair bremsstrahlung from neutrons. On the other hand
43r weaker fields the emissivity of neutrino-pair bremsstrahlung
from protons is larger due to the smearing of the transverse mo-

\/(pj;g)Q — 2NeB. In the case of a superstrong magnetic fielohenta of the protons.
only the N’ = N = 0 states are occupied and the contribution

toImlIn/ N+ s(qz,w.) comes only from the lines in the, g, - ) o
plane defined by (neglecting all terms;ip except the leading - Diréct Urca process & — p + e + ve;
order terms inm) p+e—n+tve)
L 29my, B + qu It is well known that thg direct Urca process can occur only if
Wy~ . (15) the Fermi momenta satisfy the inequality

\/m2 +2(1 - gp)m,uBB + (p;g)2
pr+pFe > PFn (19)

For weakeB-fields a larger space in tlye,w.. -plane contributes
eventually leading to a situation similar to that for neutrino-pafexcept for a small thermal smearing), i.e. the proton concentra-

ﬁa,b(qzawz) = (14)

bremsstrahlung from neutrons. tion =, = n,/(n, + ny,) Needs to be larger than 1/9 (Lattimer
The emissivity can be written as et al.[1991). Recently it was shown (Leinson & Perez 1998;
6 W Baiko & Yakovlev(1999) that the presence of a magnetic field
€ = Z 7 / dwdq, dw, gg(w) — has an effect on the Urca process; in particular it leads to a non-
N’,N,s’,s A(2m) 6 vanishing emission rate in case the triangular condifioh (19) is

(16) not satisfied (the so-called classically forbidden region). This is

ImHN’,N,s’,s(qzawz) ‘MN,,N,S/,S|27 . .
caused by a smearing of the momenta in the presence of a mag-

where netic field which leads to a softening of the sharp border between
) , eB the allowed and forbidden regimes. Since the emissivities due
|IMN' N, 5| = Z (Mpr rN N s|” = o to the Urca process in superstroBgfields (Leinson & Perez
RR 1998) and in arbitrary3-fields (Baiko & Yakovlev 1999) have
G2 been derived previously, we provide below a brief discussion

TF[C\Q/(Ss',s + 26405, + 0,2455',s]112v',N(U) for the purpose of completeness.
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>-1. Emissivity s | AL AL e B) AP() (22)
The emissivity is calculated using the quasi-particle approxi-

mation for the polarization function where the electrons arYith Ai(z) being the Airy function with
protons occupy the Landau levélg, N,,, respectively, 1/3

1
€Ly = 2 Z (271_)6 /dgpn dpezdgpl/ dppz

2, — (ppr 4 Per)?)(Ppr + Per)

z = ’
(2eB)?/3(pp1 + pes )43

NeNpsnsp v = pil/2€B, and
2
5(pnz — Ppz — Pez — pUZ) Z |MR57RP7N6aNp75n7SP| (263)2/3
freftp AlppLpes, B) = (Ppr +per)?/3(pp1per)t/3
n € ! N €
wy f(E™)(1 = f(E”))(1 = f(E)) " "

n _p e Neglecting the neutrino momentum in thalirection in the

NE" + Vip = BV = EPF ), (20) delta function in Eq[{20) in comparison with the momenta in
whereV,, = Ep, + Er. — Er, and the neutron, proton, the z-direction of the other particles and performing the inte-
and electron energies are given in Appendix A and the matg)al overd cos(6,, ), the emissivity can be written as (Baiko &
elementM in Appendix B. The factor 2 comes from the conyakovlev[1999)
tribution of the inverse reaction.
8(1 + 3¢%4)G%.(120 + 67%)mymypprpp.

(2m)°eB

-2
First we consider superstrong magnetic fields where the elec- _/dcos(ap) dcos(fe) A(ppL;pes, B) Ai*(2)
trons and protons populate the ground state Landau leVels( §(prn — |prp cos(By) + pre cos(6e)]). (23)
N, = 0) with spin parallel taB, so thatp,,.| ~ pjgg and|pe.| ~ _ _ _ _
p%... Neglecting the neutrino momentum the matrix element IR the.classmally for.b|dden domain for. the direct Urca process
Eq. (20) simplifies t0y",, ,, [M[* = C., exp(—p?, /2¢B) for finite B the reaction becomes possible due to the tunnelling
with €, = GZ[(1 — 26; jr )5, 1 + 440, _1]/2, and mechanism. In the quasi-classical approach the emissivity can

Sny i C
P2 = (1 )2 = (py. + por)?. Evaluating the energy integralsbe expressed as (Baiko & Yakovlev 1999)

€y =

5.1.1. Superstrong magnetic fields

leads to elorbidden (B =L 0) = R(z,y) e23°"(B = 0) (24)
o — Z c. 4(120 + 67%) Be m,,m,, 76 with
e g
Sn p 3 _x3/2
Sn Sn )2 Sn +0 , .0 R(z,y) ~ Y exp( ) (25)
(©(p%,) exp[—(pF,)°/2eB] + ©(pF, — [PEy + Prel) ’ T+ 12y x3/2 3 7

s 2 +0 0 \2
exp|—((p7 )” — +pre)?)/2eB]). (21 . .
}PI=(PF)” = Py +Pie)”)/2¢B]). - (21) wherey = N> = (p3.,/(2¢B))*/* andz is a measure of the
The © functions correspond to conservation of momentum ifiolation of the triangular condition,
the z-direction; it is worth noting that the triangular condition

. . . 2
expressing the momentum conservation in the presence og)j a Prp — (PFp + PFe) (26)
. 0 Sn . . - _ -
superstrongs-field, |pf> + p%..| < |p3Z,|, is the opposite of the p%pNFj/d

one found for theB=0 case.

The expression({21) for the emissivity has been obtain&!‘elsees that with increasingthe gmissivity decregses expo-
previously by Leinson & Perez (1998) and Baiko & Yakovlepentially, and therefore the effect is important only i, does
(1999). The factoC, = G2(1 — c4)?/2 in Eq.[Z1) agrees Not exceedpr, + pr.) significantly.

with the result of Baiko & Yakovlev(1999), but differs fromthe ~ On the other hand in the classically allowed region, where
one given by Leinson & Perez (1998). the inequality is satisfied, th&-field will give rise to small

guantum oscillations of the emissivity.

5.1.2. Weak magnetic fields ,
6. Equation of state (EoS)

In the case of weak magnetic fields, k#} < p%p, the summa-

tionoverthe Landaulevelsin Eq.{20) is replaced by an intggrellln order t_o estimate the.effect of a magnetic field on the var
Also thely v functions in the matrix element given by EICB.Q*OUS coolmg processes in a neutron .star and to compare with
of Appendix B are replaced by their smdhl-asymptotes he conventional result we employ a S|mple model EoS. Itis as-
sumed that the neutron star matter consists of neutrons, protons
2eB Z —712\7ch (v) = and electrons onlyr{pe-matter) with two conditions imposed:
NeN, charge neutralityp,, = n., andg-equilibrium,¢,, = ¢, + o

2 |n this Sect. we use the definition of the Fermi momenta as in thé ¢; is the chemical potential of a particle; it can be obtained from
field free case. the relation ¢; = dE/dn;.
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The EoS consists of the energy density as a function of the ds ! |
sities of the particles. The non-relativistic energy density can
decomposed as (Lattimer & Swesty 1991, Balberg &Gal199 _
S ——_
E= Ekin + Emag + Emass + Epot + Elep~ (27) % 011~ To—.
Here the kinetic energy density is the sum of the neutron ¢ NSO
° T —oq 0t
3 Sn 2 = — .- B=2*108G
Bl = = Z (Z; f:j nin (28) & oo - _.B=5M0YG ]
Sn — — B=10YG
and proton contribution ——B=0G
|
sp;0\2 0.001
1 0.01 0.1 1
Bl =5 0 ) (29)
357 2y n (fmd)
where the proton density for spif is Fig. 2. Proton fraction as a function of density for various B-fields.
nyy = Z 27r2 —2NeB, (30) the densities:,, n,, andn,, can be calculated in the standard

way usingn; = p%.,/(37?). Using the3-equilibrium condition,
because for finitd the integrals over the transverse momentum: = ¢» — ¢p, the chemical potential of the electron is given
of the proton with respect to the magnetic field can be replaced
by a summation over the Landau levels. The interaction of the (3n%n )2/3 (3n2n )2/3
magnetic field with the spin of the neutron and the proton is ¢, = & - P

+4c(np —ny) + A (36)

2my, 2my,
Enag = —pn B Z Sy — pp B Z SpTp” . (31) with A the mass difference between neutron and proton.
sn ii) Superstrong magnetic fieldg/.%)? < (2eB), in which case
The E,,.«. term contains the masses of the two nucleons  the protons and electrons are in the ground state Landau level.
Then the electron chemical potential is
Sn Sp
Ermass = 1 &Z oy My Z n (32) 1 (6m2n3n)2/3 1 /2m2n,\2
t _ . _ _(be_zz 2, 2mp( eB )
The E,. term is the potential energy density, which is on
parametrized as (Lattimer & Swesty 1991) +9§ —1 eB +4c(ny — ny) + A. (37)
2 1+d Sn .S "
Epor = an® +bn'™" + Z denyng”s (33) In this case the proton fraction depends on the magnetic field.
In Eq.[33) we taked = 2, a = —285.1 MeV fm?, b =
wheren = n, +n, is the total nucleon density. The last term 0868 MeV fm%, ¢ = —107.1 MeV fm® (Lattimer & Swesty
the rhs of Eq[(33), which corresponds to the symmetry enerd@91).
influences to a large extent the proton fractigyy (n, + n,,). In Fig[2 the resulting proton fraction in the absence and in
Finally the energy density of the electrons is the presence of magnetic fields is plotted. The kinks in the pro-
ton fraction at certain densities correspond to the occupation
Biep = Epene, (34)  of a next Landau level (see also Suh & Mathéws 1999). For
where superstrong magnetic fields these kinks strongly influence the

proton fraction, but for weaker magnetic field8 (< 107G
ne =S 9N eB /(%)% — 2N.eB (35) andn > ng wheren, = 0.155 fm ™ is the saturation density)
272 they do not affect the proton fraction. Our results are in agree-
) . ment with the previous results for the proton fraction derived
with gy, = 1for Ne = 0, gy, = 2for Ne > 0 andNe IS o different equations of state (Lai & Shapiro 1991; Suh &

limited from above by = (p%e)Q/@_eB)' o _ Mathews 1999, Broderick, Prakash and Lattier 2000).
We obtain the EoS of thepe-matter in magnetic fields in

the standard manner, by assuming a given nucleon densit

andT = 0 and solving the equations of charge neutrality anft Results

f-equilibrium. In two limiting cases the solutions are straightrhe emissivities for the various energy loss processes are com-
forward. pared in Figd.]3.]4 ad 5 far = n, for three different magnetic

i) B = 0. The summations over the proton and electron concedield strengths¥0'6,10'7 and2 x 10'® G, respectively). In the
tration in Eqs[(30) and(35) can be replaced by integrations dirdt two values of the3-field the EoS based oR = 0 is used
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Fig. 3. Emissivities of various processes at saturation demsity ng
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Fig.5. Same as in Fig. 3 but faB = 2 x 10'8G.

and for B = 10'G. The contribution of the direct Urca process is

negligible.
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Fig. 4. Same as in Fig. 3 but faB = 10'7G.

in the spin-flip is of the same order of magnitude as the ther-
mal smearing of the Fermi surface. The temperature at which
neutrino-pair bremsstrahlung from neutrons becomes compa-
rable to the competing processes roughly coincides with this
condition. For lower temperatures the emissivity drops expo-
nentially, because the energy transfer becomes larger than the
thermal smearing. Neutrino-pair bremsstrahlung from protons
is important whemnu, B ~ T'. The emissivity due to the protons
increases faster than the emissivity due to the neutrons with the
temperature, as the smearing of the proton transverse momenta
provides an additional relaxation on the kinematical constrains.
However for temperatures smaller thagB ~ 1" the emissivity
drops just as for neutrons exponentially.

As seen from Fig§l3 arld 4 the emissivity of the modified
Urca process is larger than that of neutrino-pair bremsstrahlung
from neutrons and protons at high temperatures mainly due
to the different temperature dependencies of these processes
(x T7 for the one-body bremsstrahlung as comparest t6®
for the modified Urca). In the case of a superstrong magnetic
field the large uncertainty in the transverse momenta of the

(because in these cases the influence of the magnetic fieldpostons and electrons allows the direct Urca process to oc-
the EoS itself is small); for the third value of thizfield we use cur (see Fid.J5) and its emissivity dominates the emissivity of
the EoS for superstrong magnetic fields.
To enable a comparison with the neutrino processes which= 3ng andB = 106 G. At this density the triangle condition
are routinely included in the cooling simulations of neutropr, + pre > prn is satisfied, so that the direct Urca process

any other processes. In Hid. 6 the emissivities are shown for

stars, we show also the emissivity due to the modified Urisallowed and dominates the cooling. The emissivities of the
process in the zero field limit. The relevant expression for tlagher processes are slightly larger than those shown ifidFig. 3
emissivity of the modified Urca process, without corrections folue to the fact that the density is larger.

the magnetic field, and valid fen* = m is (Friman & Maxwell
1979)

ey = 1.8 x 102 (n/no)?/3T§ ergs cm™> s (38)

8. Conclusion

We have studied the neutrino emissivity of strongly magne-
with T; the temperature in units ab® K. tized neutron stars due to the one-body processes driven by
The temperature region where the one-body neutrino-ptiie charged and neutral current couplings between the neutri-
bremsstrahlung is important increases with increasing magnetics and baryons. We have shown that, in addition to the well-
field (Figs[3 and}4). The pair bremsstrahlung from neutronsksown charged current process (the direct Urca reaction), there
efficient whenevefu,,|B ~ T, since then the energy involvedis a new channel of energy loss - the one-body neutrino pair-
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1°10

In particular, if one chooses the Landau gaugé =

e
L J - (0, —%, %, 0) with the magnetic field in the-direction, one
e | / a finds
— ' Ve 3
% _,'I I/’ ] ((i0 + qA)* + sqB — (m — AgsupB)*)¥(z) =0.  (A.3)
; 101022 L 7 -7
3 - - | A.1. Electron
> 101020 | 7 _ _ . Direct Urca _ For an electron = —e andAg = 0) the energy eigenvalues
= | —— Modified Urca ] are given by
a2 —_B hi
g 101018 | fr;?nmszgtaro:sng — Ens = (m2 eri + QNBB)I/Qa (A4)
L // — . = Bremsstrahlung . . . .
~, from protons . with NV denoting the Landau level number. The eigenfunctions
101016 s L L are factorized (Sokolov & Ternov 1968; Arras & Lal 1999)
10108 1°10° 1+10%0 110t
_ eipzzfiEN,StU) , ,
T(K) e (p, 9)
. o B 16 ‘
Fig. 6. Emissivity atn = 3no and forB = 10"°G. VaIN,LR(t)e*w’
. L. Ueépa ¢) = efei(NfR)d) Z%IN’R(t) —id (A.5)

bremsstrahlung in a magnetic field. The process does not hav V 2r Veln—1,r(t)e
an analogue in the zero field limit and competes with the modi- iValn r(1)
fied (two-body) bremsstrahlung process as the dominant neutral
current reaction for fields on the orded'® — 107 G and tem- @n
peratures a few timek)? K. For superstrong magnetic fields in Rl _
excess 0fl0'® G the direct Urca process takes over. InR(t) = \/ fe_t/gt(N_R)/ngfR(f%

Our numerical evaluation of the emissivities of several com-
peting reactions, which is based on a simple parametrizationgfiere L/ (t)
the EOS ofnpe-matter in a strong magnetic field, shows that
under certain conditions the emissivities of the one-nucleon pro- L%(t) if M>0

cesses, such as the direct Urca and the one-body bremsstrahitin ,(71)|1"ﬂt\M|L‘é‘f|W|(t) if M <0

are of the same order of magnitude or dominate the standard

processes commonly included in the cooling simulations in théth + = p%eB/2, V, = C, D, V, = oC_D,, V., =
zero-field limit. cCLD_,Va=C_D_,

AcknowledgementsThis work has been supported through the Stichg: 1 Ps 1/2
ing voor Fundamenteel Onderzoek der Materie with financial suppért- = —= ( 0 1 BN 1/2> )
from the Nederlandse Organisatie voor Wetenschappelijk Onderzoek. V2 (p% + dmpp )
The research of R.G.E. Timmermans was made possible by a fellow- 1
ship of the Royal Netherlands Academy of Arts and Sciences. Dy = ﬁ

ando is the longitudinal spin projection alonpgt-e A; LY (¢) is
the generalized Laguerre function. The Landau level number
and the guiding center quantum numbgare positive integers.
(Note that in the lowest energy stat®y (= 0) the spins can
only have the value -1).

_ A 5 In matter inthe presence of a magnetic field the Fermi energy
(0 P+ qd—(m— Tg“BU“ Flw))¥(z) =0, (A1) isgivenbyEy = (m?+ (p¥,)?+2NeB)'/? so that a magnetic
field will give rise to a difference in the Fermi momentg, .

The degeneracy is 1 in casedf= 0 and 2 in case olN > 0.

ma 1/2
11—) ,
(1+ 3

Appendix A: electrons, protons and neutrons
in a magnetic field

The wave equation for a fermion with chargand massn can
be written as (Iltzykson & Zubér 1980):

with up = e/2m, P = ~,0"*, 4 = v,A* andAg the anoma-
lous gyromagnetic factor. Herg" is a Dirac matrix,A" the
vector potential F,, = 9,4, — 9,A, ando"” = [y, ~"].

Or equivalently A.2. Proton

. 2, 49 For a proton § = e andAg = g, — 1 with g, = 2.79) the
(10 +qA)"+ 27 oz energy eigenvalues (neglecting thé-term) are

A
(m — TQMBU"”FW)Q)\P(JJ) =0. (A2) Ey,=(m?+p*+ (2N +1—sg,)eB)"/2. (A.6)
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The non-relativistic eigenfunction of a proton in a magnetic fieB.2. Neutrino-proton interaction (neutral current)
is . . . .
In case of protons the integration over space coordinates requires

P, = eP=TIENSIT () b)) special attention, because the wave functions of protons are not
simple plane waves (Hg. A.7). Defining, = (pu. + ppe)éx+
ds1 IR, N (1) (Puy + Poy)éys 1L = Té, + Y&y, v = w2 /2¢B and carrying
_ JeB ir—nye | 9s,-1Ir N (t) out the summations ovét’ and R, leads to
UP (p7 (b) - ot e 0 . (A7) B
0 M 4 / s’.s 2 == 67 Ms’ s 2
%| R RN 81 s %2ﬂ| N
(Note that the role o2 and N are interchanged compared to 00
the electron case.) In matter the Fermi energy is giveR by= ‘ / pdplp N (t)Ip,N(t)
0

(m? + (p;’;v)Q + (2N +1 — sg,)eB)'/2. ,

2
/ " d¢67i(R'7N/)¢ei(R7N)¢»efiwLmL
0

A.3. Neutron

For a neutrond = 0 andAg = g,, with g, = —1.91) in not = |My s 2*112\11,1\1(@) (B.4)
extremely large magnetic fields tt2?-term can be neglected;

then the energy eigenvalues are with ey = —0.08 ande, = —1.26.

2,2 1/2
By = (m” +p° = 2smun B) /%, (A8) B 3 Direct Urca process (charged current)

and the eigenfunction are simple plane waves. In neutron Mafel interaction matnx is
in thermal equilibrium the Fermi energy is given B =

(m*+(p5,)? —2 smun B)'/2. Hence the neutrons with spin UpM_ g v, v dri,yu(cv — cavs)tn

(down) occupy two Fermi spheres with Fermi momenta related B \f -
by (p;n)Q = (p;‘n)2 + 4m:unB' ,l/)e,yu(]‘ - 75)1/)7' (Bs)

The eigenfunctions of the electron, proton and neutron are given
Appendix B: the weak interaction matrix elements in Appendix A. The function’, n,(t) with t = p*eB/2 can

be substituted in the leptonic part. The hadronic part turns out
the same as for the neutron bremsstrahlung (see Hq. B.2). The
The weak interaction matrix for the neutron bremsstrahlung space integrals can be calculated in the same way as in Efy. (B.4)
with the result

B.1. Neutrino-neutron interaction (neutral current)

Gp / — —
M s=—7= [ drp, vu(ev —cays)Yn2th, v (1=75)1w. (B.1) 1 —
’ 2\/§ \% o ' sz = % Z TT[YE’Y;L(]- - 75) ?5’71/(]— - 75) e}
Herecy andc4 are vector and axial-vector coupling constants. se=+1
The interaction matrix consists of a hadronic part and a leptonic (B.6)
part with
2 Valn, —
My o2 = SEX,,, L0 (8.2) Voln.-1,m, (v)
’ 8 y, = | Velvew,(0) (B.7)
with the leptonic part given by Veln,-1,n,(v)
9 ZVdINe,Np (U)
L = WP =g ey )+ i€ papf], wherev = ¢2/2e B With ¢ = (pys + Pna)és + (Puy + Pry)éy-
_ The expression foD appearing in the expressions for ¥
and the hadronic part by (i = a,b,c andd) can be approximated b§ ~ 1/v/2. This
X 0 0 —s'cyeady. leads to the following expression for the leptonic part
X = 0 C2A§s,7.s’ 750348(55’,3/ 0 ) J+ (U) 0 0 J_ (’U)
mv 0 —ic4 805 _g %05 s 0 LA 0 Jir(v) iJ_(v) 0O (B.8)
_S/CVCA(Ss,s/ 0 0 3124537(9’ o 0 —iJ_ (7}) J4 (’U) 0 ’
J_(v) 0 0 (v)

Contracting the hadronic and leptonic tensors and neglecting
terms, which after integration over the neutrino momenta vanigith J. (v) = I3, N, ()£I% w, (v). As aresultthe follow-
one finds ing relation is obtained for the squared norm of the interaction
GF matrix

1 (e + c4)0s.er + 26465 o] (B.3) G2 ¢B

H Z |MRP,R€,NP,NQ,SH,5P|2 2 B)
with ¢y = 1 andcy = 1.26. et T

|MS,S’ ‘2
= (05,5, (5 + ¢4)
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2 2 ' )
(INepr (v) + IN. 1N, (v)) Itzylzzsr(()r;lr\:vc;_.thZl‘J)bgArfJ.-B., 1980, Quantum field theory, New York: Mc-
2 2 . p.
+25SF’S"CASP(IN6—LNP (v) ~ IN..N, () Kouveliotou C., Dieters S., Strohmayer T., et al., 1998, Nat 393, 235
+255p s 0124(651 1 IJQV N (v)+ Lai D., Shapiro S.L., 1991, ApJ 383, 745

9 Lattimer J.M., Swesty F.D., 1991, Nucl. Phys. A535, 331
55;%*1 INefl,Np(”))) (B.9) Lattimer J.M., Pethick C.J., Prakash M., Haensel P., 1991, Phys. Rev.
Lett. 66, 2701
Leinson L.B., Perez A., 1998, JHEP 9, 20
Mattuck R.D., 1992, A guide to Feynman diagrams in the many-body

with ¢y, = 1 andcy = 1.26.
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