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Rapid cooling of magnetized neutron stars
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The neutrino emissivities resulting from direct Urca processes in neutron stars are calculated in a relativistic
Dirac-Hartree approach in the presence of a magnetic field. In a quark or a hyperon matter environment, the
emissivity due to the nucleon direct Urca process is suppressed relative to that from pure nuclear matter due to
the appearance of new degrees of freedom. In all the cases studied, the magnetic field enhances emissivity
compared to the field-free cases because of phase space modifications and a shift in the dynamical
b-equilibrium condition.@S0556-2821~98!50622-4#

PACS number~s!: 97.60.Jd, 12.39.Ba, 21.65.1f, 26.60.1c
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Neutron stars are born in the aftermath of supernova
plosions with interior temperaturesT*1011 K, but cool rap-
idly in a few seconds by predominant neutrino emission@1#
to T,1010 K. Neutrino cooling then dominates and lasts f
t;105– 106 yr and subsequently photon emission takes o
when T&108 K. Since the long term cooling of the youn
neutron stars (T;108– 1010 K! proceeds via emission o
neutrinos primarily from matter at supranuclear densit
within the core, the study of the cooling of neutron stars
examination of neutrino emissivities may provide consid
able insight into their interior structure and composition.

For a long time, the dominant neutrino cooling mech
nism has been the so-called standard model based on
modified Urca processes@2#

~n,p!1n→~n,p!1p1e21 n̄e ,

~n,p!1p1e2→~n,p!1n1ne . ~1!

The ROSAT detection@3# of thermal emission from neutro
stars indicates the necessity of faster cooling mechanism
some young neutron stars, in particular the Vela puls
Faster neutrino emission than the standard model was
posed by invoking pion@4# or kaon @5# condensates which
have neutrino emissivities comparable to that from theb
decay of quarks@6# in quark matter~consisting ofu, d, ands
quarks!

d~s!→u1e21 n̄e , u1e2→d~s!1ne . ~2!

The most powerful energy losses, expected to date, are
duced by the so-called direct Urca mechanism involv
nucleons@7#:

n→p1e21 n̄e , p1e2→n1ne . ~3!

The threshold density for this process is considerably lar
than that of the modified Urca process, if it is at all reach
depending on the equation of state~EOS!.

Observations of pulsars predict large surface magn
field of Bm;1014 G @8#. In the core, the field may be con
0556-2821/98/58~12!/121301~5!/$15.00 58 1213
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siderably amplified due to flux conservation from the orig
nal weak field of the progenitor during its core collapse.
fact, the scalar virial theorem@9# predicts large interior field
Bm;1018 G or more@10#, and these fields are frozen in th
highly conducting core. It has been demonstrated@10# that
when the fieldBm is comparable to or above a critical fiel
Bm

(c) , the energy of a charged particle changes significan
in the quantum limit.

In this communication, we evaluate the neutrino emiss
ties for the nucleon and quark direct Urca processes of
~3! in presence of a magnetic fieldBm . For this purpose, we
consider anpe matter in b-equilibrium within a Dirac-
Hartree approach in the linears-v-r model @11# and quark
matter in the bag model.

At the neutron star core at temperatures well below
typical Fermi temperature ofTF;1012 K, the nucleons and
electrons participating in neutrino producing processes
all degenerate and have their momenta close to the Fe
momenta pFi

, where i 5n,p,e. Since neutrino and an

tineutrino momenta are;kT/c!pFi
, the nucleon direct

Urca process is allowed by the momentum conserva
when pFp

1pFe
>pFn

. Since matter is very close to

b-equilibrium, the chemical potentials of the constituen
satisfy the conditionmn5mp1me . ~Henceforth, we set\
5c5k51.!

Employing the Weinberg-Salam theory for weak intera
tions, the interaction Lagrangian density for the charged c
rent reaction ~3! may be expressed asLint

cc5(GF /
A2)cosuclmjW

m , where GF.1.435310249 erg cm23 is the
Fermi weak coupling constant anduc the Cabibbo angle. The
lepton and nucleon charged weak currents are, respectiv
l m5c̄4gm(12g5)c2 and j W

m 5c̄3gm(gV2gAg5)c1 . Here,
and in other formulas to follow, the indicesi 5124 refer to
n, n̄e , p, and e, respectively. The vector and axial-vect
coupling constants aregV51 andgA51.226.

The emissivity due to the antineutrino emission proces
presence of a uniform magnetic fieldBm alongz axis when
both the electrons and protons are Landau quantized is g
by
©1998 The American Physical Society01-1
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«n~Bm!52E Vd3p1

~2p!3E Vd3p2

~2p!3E2qBmLx/2

qBmLx/2 Lydp3y

2p

3E
2pFp

pFp Lzdp3z

2p E
2qBmLx/2

qBmLx/2 Lydp4y

2p E
2pFe

pFe Lzdp4z

2p

3 (
h50

hmax

(
h850

hmax8

E2Wf i f ~p1!@12 f ~p3!#@12 f ~p4!#,

~4!

wherehmax andhmax8 are, respectively, the maximum numb
of Landau levels populated for protons and electrons. T
prefactor 2 takes into account the neutron spin degener
The pi[(Ei ,pi) are the 4-momenta andE2 the antineutrino
energy. The functionsf (Ei) denote the Fermi-Dirac func
tions for thei th particle. The transition rate per unit volum
due to the antineutrino emission process may be der
from Fermi’s ‘‘golden rule’’ and is given by Wf i
5^uM f i u2&/(tV). Heret represents time andV5LxLyLz the
normalization volume.uM f i u2 is the squared matrix elemen
and the symbol̂•& denotes an averaging over initial spin
n and a sum over spins of final particles (e and p) having
spin degrees of freedom one for the ground Landau level
two otherwise. The matrix element for theV2A interaction
is given by

Mf i5
GF

A2
E d4X c̄1~X!gm~gV2gAg5!c3~X! c̄2~X!

3gm~12g5!c4~X!. ~5!

In presence of a uniform magnetic fieldBm , the normalized
proton wave function is c3(X)5(1/ALyLz)exp(2iE3t
1ip3yy1ip3zz)fp3y ,p3z

(x), where f p3y ,p3z
(x) is the 4-

component spinor solution@10#. The form of the spinor in
Bm ~see Ref.@10#! restricts the analytical evaluation of th
neutrino emissivity to fields strong enough so as to popu
only the ground state for electrons and protons, i.e.,h5h8
50. The only positive energy spinor for protons in the chi
representation is then@10,12#

f p3y ,p3z

h50 ~x!5Nh50S E3* 1p3z

0

2m*

0
D I h50;p3y

~x!, ~6!

where Nh5051/A2E3* (E3* 1p3z), and E3* 5E32U0;p
H

5(p3z
2 1m* 2)1/2 is the effective relativistic Hartree energ

The functionI h50;p3y
(x) is similar in form as in Ref.@10#.

The nucleon effective and rest masses are, respectivelym*
and m5mn5mp5939 MeV. In presence ofBm , the wave
functions for free electronsc4(X) have the same form a
12130
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those for protons, but withm* andE3 for protons replaced
by the bare massme and kinetic energy for electrons, respe
tively. The neutrons and neutrinos/antineutrinos being un
fected byBm , have plane wave functions.

Using these wave functions, the transition rate per u
volume is given by

Wf i5
GF

2

E1* E2E3* E4

1

V3LyLz

3expS 2
~p1x2p2x!

21~p3y1p4y!2

2qBm
D

3@~gV1gA!2~p1•p2!~p3•p4!

1~gV2gA!2~p1•p4!~p3•p2!

2~gV
22gA

2 !m* 2~p4•p2!#~2p!3d~E12E22E32E4!

3d~p1y2p2y2p3y2p4y!d~p1z2p2z2p3z2p4z!.

~7!

Substituting Eq.~7! in Eq. ~4!, and by the change of variabl
(p3y1p4y)→p3y , the integration overdp4y can be per-
formed to yield a factorqBmLx . The rest of the integrals o
Eq. ~4! can then be performed in the standard manner@6#.
Electron capture gives the same emissivity as neutron de
although in neutrinos, and thus the total emissivity~relativ-
istically! for the direct Urca process in nuclear matter~NM!
in Bm is «Urca

NM (Bm)52«n(Bm), i.e.,

«Urca
NM ~Bm!5

457p

5040
GF

2cos2uc ~qBm!F ~gV1gA!2S 12
pFp

mp*
D

1~gV2gA!2S 12
pFn

mn*
cosu14D

2~gV
22gA

2 !
m* 2

mn* mp*
G

3expF ~pFp
1pFe

!22pFn

2

2qBm
Gmn* mp* me

pFp
pFe

T6Q, ~8!

where m i* 5(pFi

2 1m* 2)1/2 and cosu145(pFn

2 1pFe

2 2pFp

2 )/

2pFn
pFe

. The threshold factor isQ5u(pFp
1pFe

2pFn
),

whereu(x)51 for x.0 and zero otherwise. ForBm50, the
relativistic expression for the neutrino emissivity from th
nucleon direct Urca process is

«Urca
NM ~Bm50!5

457p

10080
GF

2cos2ucF~gV1gA!2S 12
pFp

mp*
cosu34D

1~gV2gA!2S 12
pFn

mn*
cosu14D

2(gV
22gA

2 !
m* 2

mn* mp*
Gmn* mp* meT

6Q. ~9!
1-2
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It was shown@6# that quark matter~QM!, if present, the
b-decay~i.e., direct Urca process! of d quarks is kinemati-
cally allowed through reaction~2! if finite mass ~and/or
quark-quark interaction! is incorporated. The relativistic ex
pression of the neutrino emissivity for the direct Urca p
cess involvingu andd quarks forBm50 and without quark-
quark interaction is given by@6#

«Urca
QM ~Bm50!5

457p

840
GF

2cos2uc~12cosu34!mdmumeT
6,

~10!

in the usual notation@6#. The emissivity for theb decay ofs
quark forBm50 is similar to Eq.~10! with cosuc replaced by
sinuc . For values ofBm used here@see Eq.~12!#, only the
ground states ofe andu quark are populated, while ford ~or
s) quark large number of Landau levels@h}1/(uquBm); see
Ref. @10## are populated, and hence, behaves as a field-
particle with plane wave function as for neutrons. The em
sivity for the b decay of freed quark in Bm may then be
obtained from Eq.~8! by substitutinggV5gA51 with mn*
→md , mp*→mu , and multiplying a color factor 3 ford
quark:

«Urca
QM ~Bm!5

457p

420
GF

2cos2uc ~qBm!S 12
pFu

mu
D

3expF ~pFu
1pFe

!22pFd

2

2qBm
Gmdmume

pFu
pFe

T6. ~11!

Similar expression is obtained fors quark, but is Cabibbo
suppressed. The kinematical conditions for the decay od
and s quarks arepFu

2pFe
<pFd

<pFu
1pFe

and pFu
2pFe

<pFs
<pFu

1pFe
.

To estimate numerically the various neutrino emissivit
for the direct Urca processes with and without magnetic fi
in a neutron star, we describe the nuclear matter and e
trons within the relativistic Hartree approach in the linears-
v-r model @10,12# which provides a good description o
normal nuclear matter and neutron star properties at h
densities. The values for the dimensionless coupling c
stants for thes, v andr mesons are adopted from Ref.@13#
which are determined by reproducing the nuclear ma
properties at a saturation density ofn050.16 fm23. The
variation ofBm with densitynb from surface to center of the
star is parametrized by the form@12#

Bm~nb /n0!5Bm
surf1B0@12exp$2b~nb /n0!g%#, ~12!

where the parameters are chosen to beb51024 and g56.
The maximum field prevailing at the center is taken asB0

5531018 G and the surface field isBm
surf.108 G. The num-

ber of Landau levels populated for a given species is de
mined by theBm andnb @10#.

In Fig. 1, we show the neutrino emissivity as a function
baryon density atBm50 @see Eq.~9!# for the direct Urca
process in nuclear matter~NM! at an interior temperatureT
5109 K. Due to momentum conservation, the threshold d
12130
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sity at which this process occurs, is atnt50.346 fm23. The
variation of emissivity withnb in Bm @see Eq.~8!# as seen in
the figure may be explained as follows: At very low densit
nb;0.35– 0.73 fm23, the field Bm @given in Eq. ~12!# is
rather small&1018 G, and consequently a large number
Landau levels are populated. This gives essentially field-f
results, i.e.,«(Bm) and threshold density same as that f
Bm50. At densitiesnb>0.75 fm23, the field is strong
enough to populate only the ground levels of both electr
and protons@10#, the critical field for electron isBm

(e)(c)

54.41431013 G. The emissivity then rapidly increases wi
density and could have values as high as;2 orders of mag-
nitude larger thanBm50 case atnb'1.2 fm23. This en-
hancement may be attributed to the phase space modi
tions and to the change in the dynamicalb-equilibrium
condition @10,12#. Comparing Eqs.~8! and ~9!, we have
found that the factor (qBm)exp@$(pFp

1pFe
)22pFn

2 %/2qBm# is
mainly responsible for this dramatic enhancement at
density. Hereafter,Bm saturates to a maximum of 531018 G
so that fornb.1.2 fm23, higher level states start to populat
and, as in the low density situation, results in field-free em
sivity values. The central densitiesnc of neutron stars with
maximum masses are also shown in Fig. 1 with~open
circles! and without ~solid circles! the magnetic field. For
BmÞ0 star,nc51.448 fm23 and thus falls above the kerne
of enhanced emissivity leading to faster cooling compared
the field-free case.

FIG. 1. The neutrino emissivities as a function of baryon dens
from the direct Urca process for a magnetic fieldBm50 ~solid line!
and forBm51082531018 G ~dashed line! for: nucleons in nuclear
matter~NM!; quarks in quark matter~QM!; a nucleon-quark phase
transition ~NQP!; nucleons in nuclear matter with hyperon
@NM~HY!#; a nuclear matter with hyperons to quark phase tran
tion @NQP~HY!#. The maximum masses of the starsMmax with
these various compositions are given forBm50 and those in the
parentheses are forBm5108– 531018 G. The corresponding centra
densities are indicated by solid and open circles, respectively.
1-3
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The neutrino energy losses from direct Urca processe
quark matter composed of freeu, d, ands quarks ande are
estimated in the bag model. The current masses of the qu
are taken asmu55 MeV, md510 MeV, andms5150 MeV,
and the bag constant asB5250 MeV fm23. In Fig. 1, we
display the neutrino emissivity from theb-decay ofd ands
quarks atBm50 @see Eq.~10!# in quark matter~QM!. Thed
quark b-decay reactions are kinematically allowed ifnb

*n0 . At densitiesnb.0.85 fm23 and above whens quark
decay is allowed, the emissivity is increased to about
order of magnitude in spite of Cabibbo suppression. Thi
caused by the larges quark mass which allows the momen
of the free particles to deviate appreciably from collinear
which tends to increase the matrix element@;(12cosu34)#.
It was, however, shown@6# that by the inclusion of quark
quark interaction, the neutrino emissivities fromd and s
quark b-decay are comparable in magnitude. The emiss
ties for the quark direct Urca processes in presence of
magnetic field@see Eq.~11!#, remain virtually unaltered from
the field-free case due to the population of a large numbe
levels in all the quark species. In either case, it is found t
«Urca

QM /«Urca
NM &1023. It may however be noted that the thres

old density fors quark inBm shifts to a lower value which
depends sensitively on the parametersb and g of Eq. ~12!
~see also Ref.@12#!. This shift is caused by the large electro
abundances, in particular, which alter the kinematical con
tion for s quark decay at this density and field.

In a realistic situation, if quarks at all exist, a star wi
increasing density from the surface to the center would h
a pure nucleon phase at the inner crust and core with a
sible pure quark phase at the center and a mixed nucl
quark phase~NQP! in between. The mixed phase of nucleo
and quarks is described following Glendenning@13#. The
conditions of global charge neutrality and baryon num
conservation arexQn1(12x)Qq50 and nb5xnb

n1(1
2x)nb

q , wherex represents the fractional volume occupi
by the hadron phase. Furthermore, the mixed phase sat
the Gibbs’ phase rules:mp52mu1md andPn5Pq. The neu-
trino energy loss rate in this phase is given by«Urca

NQP

5x«Urca
NM 1(12x)«Urca

QM . The neutrino emissivities for the
nucleon-quark phase transition are shown in Fig. 1~denoted
by NQP!. ForBm50 case, with the appearance of the qua
at nb50.533 fm23, the emissivity decreases from the corr
sponding NM case. Apart from the reduced emissivity of
quark phase~which being, however small at largex), the
reduction in the chemical potentials of the nucleons and e
trons resulting from the requirement of the global cha
neutrality and baryon number conservation conditions in
mixed phase, primarily causes the decrease in emissivit
the NM sector and thereby the total emissivity«Urca

NQP. For
stars withBmÞ0, the emissivities in the mixed phase a
increased due to its enhancement in the NM sector inBm and
also for the kinematical change in the threshold density fos
quark decay as described above. The central densitie
maximum mass stars fall within the mixed phase, and c
sequently such stars would have faster cooling than p
quark stars. The maximum mass NQP stars with and with
magnetic field, however, have much smaller emissivit
12130
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than that of the corresponding NM stars, while NQP st
with Bm have nearly identical cooling as that of field-fre
NM stars even though their maximum masses are very
tinct.

We now explore the effect of strange baryons, nam
hyperons (L ’s, S ’s and J ’s! on the nucleon direct Urca
process. Theb-equilibrium conditions then generalize tom i

5bimn2qime , wherebi andqi are the baryon number an
charge for thei th particle. Since the hyperons are more ma
sive than the protons, the effect of the magnetic field on th
direct Urca processes is negligible. Because of the large
certainties in the hyperon-nucleon interactions even
nuclear density, for a conservative estimate of the emiss
ties, we set the nucleon-meson and hyperon-meson coup
constants equal. Furthermore, the critical density for nucl
direct Urca process is nearly identical to the hyperon thre
old density in the relativistic mean field model, and the em
sivities from the hyperon direct Urca processes are ab
5–100 times less than that from the nucleons@14#. Therefore,
we shall present« vs nb results only for the nucleon direc
Urca process in presence of hyperons. This is shown in
1 and denoted by NM~HY!. With the appearance of hyper
ons, the reduction in the chemical potentials of the nucle
and electrons required by the baryon number conserva
and charge neutrality condition causes a substantial reduc
of the emissivity compared to that from NM. In fact, wit
increasing density when hyperon abundances grow rapi
the emissivities gradually decrease. ForBmÞ0, only the
ground Landau levels fore andp are populated over a con
siderable density range in this matter. Consequently,
emissivities withBm in NM~HY! stars are significantly large
than that for the corresponding field-free stars.

Allowing now baryon to quark phase transition, the em
sivity displayed in Fig. 1@denoted by NQP~HY!# for Bm

50 is larger than that from the NQP matter. This is caus
by the delayed appearance of quarks in hyperon rich ma
so that the the total emissivity is primarily dominated by t
nucleons. In presence of the field, the total emissivity
NQP~HY! matter is about an order of magnitude larger f
the maximum mass star and therefore leads to faster coo
compared to the corresponding field-free star.

Using the nonrelativistic limit of the present EOS for th
specific heatcv and emissivity, the time for the center of
NM star to cool by the direct Urca process to a temperat
T9 at Bm50 may be estimated to beDt52*(cv /«Urca

NM )dT
;10T9

24 s. In contrast, forBmÞ0, the NM star’s center
cools faster withDt;0.5T9

24 s. By invoking quarks and/or
hyperons, the decrease in emissivity is much more compa
to that of the specific heat resulting in slow cooling of t
star’s center. The typical time scale associated with
propagation of thermal signals through the outer core and
crust to the surface before the sudden temperature dro
quite high;1 to 100 yr, depending on the crustal compo
tion and relative sizes of the crust and the core and thus u
the EOS. Therefore, it seems to be quite difficult to dist
guish observationally from the effects of direct Urca proce
the interior constitution of a star.
1-4
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Throughout our discussion, we have assumed that
electron is the only lepton. If the triangle inequalitypFp

1pFm
>pFn

is satisfied, then nucleon direct Urca proce
with muons will occur; the threshold density for this proce
is higher than electrons sincemm.me . The b-equilibrium
condition me5mm moreover implies that the emissivity fo
Urca process with muons is same as that for the corresp
ing process with electrons. In the present model, the nuc
direct Urca processes are not permitted at densitiesnb
,0.34 fm23.

At certain densities and temperatureT,Tc'108– 1010 K,
the nucleon superfluidity may set in. The specific heat a
direct Urca rate are then reduced by a factor;exp(2D/T),
where D is the larger of the neutron and proton gap
The modified Urca rates are, however, reduced by a fa
;exp(22D/T) for neutron superfluidity and by
;exp(2D/T) for superconductivity@15#. In presence of a
magnetic field, the superfluid protons are believed to form
type II superconductor in the outer core within the dens
range 0.7n0,nb,2n0 , and the estimated lower and upp
critical magnetic fields are respectively,Hc1;1015 G and
Hc2;331016 G @16#. With the choice of variation ofBm
with nb @see Eq.~12!#, the field is 1014– 1016 G at the bulk of
the outer core and could form a superconducting region
T,Tc , while the inner core and center withBm;1018 G is
in the normal state without superconductivity. The superc
ducting outer core region can, in principle, trap the mu
stronger field at the inner core and center preventing its
o

y
l.

y

hy
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cay to the surface@17#; the field at the surface is then th
estimated value of;1014 G originating from crustal decay
only. The variation ofBm for the parameter valuesb andg
used in Ref.@12# however does not provide such a mech
nism.

In conclusion, the neutrino emissivities for all the cas
studied here are found to be dramatically enhanced in a m
netic field compared to that from the nonmagnetized st
However, for certain stars unambiguous determination of
interior constituents may be difficult. There can be stars w
the same composition, as for example the NM stars i
magnetic field, but with slightly different masses of 1.55M (

and 1.60M ( having their central densities at 0.72 fm23 and
0.88 fm23 residing below and within the kernel of fast coo
ing respectively, and thus have completely different em
sivities. On the other hand, a NM star withBm50 and a
NQP star in a magnetic field, though possessing differ
interior compositions, have nearly identical emissivities. It
also found that when pure nuclear matter is injected w
nonleptonic negative charges, namely hyperons and qua
the emissivities turn out to be smaller than that from t
nuclear matter. It has been already demonstrated@18# that
nonleptonic negative charges cause a softening of the e
tion of state. We thus arrive at a general result that wh
matter contains nonleptonic negative charges, the maxim
masses of the stars are smaller with a suppression of
neutrino emissivity than that of the pure nuclear matter w
and without a magnetic field.
ev.
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