RAPID COMMUNICATIONS

PHYSICAL REVIEW D, VOLUME 58, 121301

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[S0556-282(98)50622-4

PACS numbgs): 97.60.Jd, 12.39.Ba, 21.65f, 26.60+c

Neutron stars are born in the aftermath of supernova exsiderably amplified due to flux conservation from the origi-
plosions with interior temperaturds=10'* K, but cool rap-  nal weak field of the progenitor during its core collapse. In
idly in a few seconds by predominant neutrino emisgibh  fact, the scalar virial theorefi®] predicts large interior field
to T<10% K. Neutrino cooling then dominates and lasts for Bm~10'® G or more[10], and these fields are frozen in the
t~10°— 1P yr and subsequently photon emission takes ovehighly conducting core. It has been demonstrgte@| that
when T<10® K. Since the long term cooling of the young when the fieldB,, is comparable to or above a critical field
neutron stars T~10P—10° K) proceeds via emission of Bl . the energy of a charged particle changes significantly
neutrinos primarily from matter at supranuclear densitiedn the quantum limit.
within the core, the study of the cooling of neutron stars by In this communication, we evaluate the neutrino emissivi-
examination of neutrino emissivities may provide consider-ies for the nucleon and quark direct Urca processes of Eq.
able insight into their interior structure and composition.  (3) in presence of a magnetic fie},. For this purpose, we

For a long time, the dominant neutrino cooling mecha-consider anpe matter in g-equilibrium within a Dirac-
nism has been the so-called standard model based on titartree approach in the linearw-p model[11] and quark

modified Urca processdg] matter in the bag model.
At the neutron star core at temperatures well below the
(n,p)+n—(n,p)+p+e +ve, typical Fermi temperature ofc~ 10 K, the nucleons and
electrons participating in neutrino producing processes are
(n,p)+p+e —(n,p)+n+ve. (1)  all degenerate and have their momenta close to the Fermi

h q )  th | emission f momenta pe, where i=n,p,e. Since neutrino and an-
The ROSAT detectiof3] of thermal emission from neutron tineutrino momenta areva/c<pFi, the nucleon direct

stars indicates the necessity of faster cooling mechanism in . )
some young neutron stars, in particular the Vela pulsarJrca process is allowed by the momentum conservation

Faster neutrino emission than the standard model was prtN€n Pe +Pr =pr . Since matter is very close to
posed by invoking pioni4] or kaon[5] condensates which B-equilibrium, the chemical potentials of the constituents
have neutrino emissivities comparable to that from fhe satisfy the conditionu,=uy+ .. (Henceforth, we sefi

decay of quark§6] in quark mattelconsisting ofu, d, ands  =c=k=1)
quarks Employing the Weinberg-Salam theory for weak interac-
. tions, the interaction Lagrangian density for the charged cur-
d(s)—ute +ve, ute —d(s)+ve. (2 rent reaction (3) may be expressed asCi=(Gg/

\2)coshl iy, where Ge=1.435<10"%° ergeni® is the
Fermi weak coupling constant amd the Cabibbo angle. The
gIeptcm and nucleon charged weak currents are, respectively,

| = ¥ayu(1=ys) o and j{= 3y (9y—0ays)¢1. Here,

n—p+e +v,, p+te —n+u,. ©) and in other formulas to follow, the indicés-1—4 refer to

n, ve, p, ande, respectively. The vector and axial-vector
The threshold density for this process is considerably largecoupling constants amg,=1 andg,=1.226.
than that of the modified Urca process, if it is at all reached The emissivity due to the antineutrino emission process in
depending on the equation of stdE€0S. presence of a uniform magnetic fiek}, along z axis when
Observations of pulsars predict large surface magnetiboth the electrons and protons are Landau quantized is given

field of B,,~10' G [8]. In the core, the field may be con- by

The most powerful energy losses, expected to date, are pr
duced by the so-called direct Urca mechanism involvin
nucleond 7]
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(4)

wherenaand 77;,. are, respectively, the maximum number

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 58 121301

those for protons, but witm* and E; for protons replaced
by the bare mass, and kinetic energy for electrons, respec-
tively. The neutrons and neutrinos/antineutrinos being unaf-
fected byB,,, have plane wave functions.

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

G2 1
EIE,E5E, VAL,L,

p((
Xexp —

X[(gy+9a)?(P1-P2)(P3-Pa)

Wi =

P1x— P2x)+ (Pay T Pay)?
209B,,

of Landau levels populated for protons and electrons. The

prefactor 2 takes into account the neutron spin degeneracy.

The pj=(E;,p;) are the 4-momenta artd, the antineutrino
energy. The functions$(E;) denote the Fermi-Dirac func-
tions for theith particle. The transition rate per unit volume

+(gv—9a)%(P1- Pa)(P3-P2)
—(g\z,—gi)m* 2(ps-P2)1(2m)38(E—Ey—E3—Ey)
X 5(ply_ p2y_ p3y_ p4y) 5(plz_ P2z—P3z— p4z)-

due to the antineutrino emission process may be derived

from Fermi's “golden rule” and is given by W
=(| M ¢i|?)/(tV). Heret represents time and=L,L,L, the
normalization volume|M ¢;|? is the squared matrix element
and the symbo{-) denotes an averaging over initial spin of
n and a sum over spins of final particles &ndp) having

7

Substituting Eq(7) in Eq. (4), and by the change of variable
(PsytPay)—Psy, the integration ovemp,, can be per-
formed to yield a factogB,,L,. The rest of the integrals of
Eq. (4) can then be performed in the standard marji6ér

spin degrees of freedom one for the ground Landau level anBlectron capture gives the same emissivity as neutron decay,

two otherwise. The matrix element for the— A interaction
is given by

G _ _
_TZ f d“X P (X) y*(Qy—ga¥s) a(X) ha(X)

XY (1= v5) ha(X). ©)

In presence of a uniform magnetic fiel},, the normalized
proton wave function is #3(X)=(1/yLyL,)exp(—iEst
+ip3yy+ipszz)fpsy,p&(x), where fpsy,psz(x) is the 4-
component spinor solutiofl0]. The form of the spinor in
B, (see Ref[10]) restricts the analytical evaluation of the

neutrino emissivity to fields strong enough so as to populate

only the ground state for electrons and protons, kes, 7’
=0. The only positive energy spinor for protons in the chiral
representation is thed 0,12

EZ +ps,
0
fgs 0p3 (X):Nﬂzo —-m* I,,:o;psy(x), (6)
0
where N,_o=12E}(Ej+ps), and Ej=E;—U{,
=(p3,+ m 2)1/2 is the effective relativistic Hartree energy.

The functionl 77_0;‘[,3y(x) is similar in form as in Ref[10].
The nucleon effective and rest masses are, respectivély,
and m=m,=m,=939 MeV. In presence oB,, the wave
functions for free electrong,(X) have the same form as

although in neutrinos, and thus the total emissiviglativ-
istically) for the direct Urca process in nuclear mattiiM)
in By, is ejn(Bm) =2¢,(Bm), i.e.,

2 5 Pr,
8Urca(Bm) 5040 FCO§0C (qu) (9v+gA) 1_E
) PF,
+(gv—9a)7| 1— —cody,
Mn
m*2
—(Qi_gi)ﬁ]
Mn Kp
(pF +pF) pF T
pre T6
X ex T°6O, (8
p[ 2B P ,PF, ®
where = (pg+m**)™ and co#y,=(pg + Pz —PF )/
2panFe. The threshold factor isﬁ)za(prJr Pr,~ pFn),
whered(x)=1 for x>0 and zero otherwise. F&,,=0, the

relativistic expression for the neutrino emissivity from the
nucleon direct Urca process is

457 2 ) pr
&Ured Bm= ):TOSOG cog 0| (gy+0a) 1—IU“—*cose34
p
) PF,
+(gv—0a)7| 1— —CcoHy
n
* 2
— (99— 98) —— | in 1 e TOO. C)
n M
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It was shown[6] that quark mattefQM), if present, the 30 T T T T T T
B-decay(i.e., direct Urca proce$f d quarks is kinemati- 5 T=10°K

cally allowed through reactiorf2) if finite mass (and/or
quark-quark interactionis incorporated. The relativistic ex-
pression of the neutrino emissivity for the direct Urca pro-
cess involvingu andd quarks forB,,=0 and without quark-
quark interaction is given bf6]

29 |-

28 |-

457
£ Bn=0)= ——GZc0€0.(1— COHaq) taftuteT®,

840
(10) 2 |-

Log,, € (erg cm3 s71)

in the usual notatiof6]. The emissivity for the3 decay ofs
quark forB,,=0 is similar to Eq(10) with cosd, replaced by
sing,. For values ofB,, used herdsee Eq.(12)], only the
ground states of andu quark are populated, while fat (or
s) quark large number of Landau levelg>=1/(|q|B,,); see 24
Ref.[10]] are populated, and hence, behaves as a field-free
particle with plane wave function as for neutrons. The emis-

25 |-

Mmax/ MO

NM 1.778(1.650)
NQP 1.610(1.487)
NMHY) 1.532(1.396)
NQP(HY) 1.520(1.380)

23 1 1 1 1 { 1

e

sivity for the 8 decay of freed quark in B,, may then be 00 05 10 15 20 25 30 35
obtained from Eq(8) by substitutinggy=ga=1 with w} n, (fm3)

— g M;—>Mu, and multiplying a color factor 3 fod

quark: FIG. 1. The neutrino emissivities as a function of baryon density

from the direct Urca process for a magnetic fiBlg= 0 (solid line)
and forB,,=10°—5x 10'® G (dashed lingfor: nucleons in nuclear
matter(NM); quarks in quark matteiQM); a nucleon-quark phase
transition (NQP); nucleons in nuclear matter with hyperons
[NM(HY)]; a nuclear matter with hyperons to quark phase transi-
Kdltubte 1 (17)  tion [NQPHY)]. The maximum masses of the Stavhya, With
p,:uppe ' these various compositions are given ®=0 and those in the
parentheses are f@&,,=10°~5x 10'® G. The corresponding central
Similar expression is obtained farquark, but is Cabibbo densities are indicated by solid and open circles, respectively.
suppressed. The kinematical conditions for the decay of
and s quarks arepg, — P, <Pr,<Pr, T Pr, and PF,~ Pr,

4577 PF,
e5ied Bm) = 50 GrcoS6e (4 Bm>( 1=

(Pr,*+Pr)?— P,
X ex 2q Bm

u

sity at which this process occurs, ismt=0.346 fm 3. The
<p. <p. + variation of emissivity withn, in B,,, [see Eq(8)] as seen in
<PrSPr, T PR the figure may be explained as follows: At very low densities
To estimate numerically the various neutrino emissivitiesn, ~0.35-0.73 fm3, the field B,, [given in Eq.(12)] is
for the direct Urca processes with and without magnetic fieldather small<10'® G, and consequently a large number of
in a neutron star, we describe the nuclear matter and ele¢-andau levels are populated. This gives essentially field-free
trons within the relativistic Hartree approach in the linear  results, i.e.,.e(B,,) and threshold density same as that for
w-p model [10,12 which provides a good description of B,,=0. At densitiesn,=0.75 fm 3, the field is strong
normal nuclear matter and neutron star properties at higbnough to populate only the ground levels of both electrons
densities. The values for the dimensionless coupling conand protons[10], the critical field for electron isB(®©
stants for ther, @ andp mesons are adopted from REL3] =4.414< 10" G. The emissivity then rapidly increases with
which are determined by reproducing the nuclear mattedensity and could have values as high~a® orders of mag-
properties at a saturation density of=0.16 fm 3. The  nitude larger tharB,=0 case at,~1.2 fm 3. This en-
variation of B, with densityn, from surface to center of the hancement may be attributed to the phase space modifica-
star is parametrized by the forfi2] tions and to the change in the dynamiggequilibrium
condition [10,12. Comparing Egs.(8) and (9), we have
Bm(Np/Ng) =B+ Bo[ 1—exp{ — B(ny/ng)?”}], (120  found that the factorc(Bm)ex;{{(pr+pFe)2—pﬁn}/Zq B.] is
mainly responsible for this dramatic enhancement at this
where the parameters are chosen tofeel0 % and y=6.  density. Hereafter3,, saturates to a maximum ob&108 G
The maximum field prevailing at the center is takenBas  so that fom,>1.2 fm™3, higher level states start to populate,
=5x10'® G and the surface field BS""=10° G. The num-  and, as in the low density situation, results in field-free emis-
ber of Landau levels populated for a given species is detesivity values. The central densitiés of neutron stars with
mined by theB,, andn, [10]. maximum masses are also shown in Fig. 1 w{thpen
In Fig. 1, we show the neutrino emissivity as a function ofcircles and without(solid circles the magnetic field. For
baryon density aB,,=0 [see Eq.(9)] for the direct Urca B,#0 star,n.=1.448 fmi 3 and thus falls above the kernel
process in nuclear matt¢lM) at an interior temperatur€  of enhanced emissivity leading to faster cooling compared to
=10’ K. Due to momentum conservation, the threshold denthe field-free case.
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The neutrino energy losses from direct Urca processes dhan that of the corresponding NM stars, while NQP stars
guark matter composed of frege d, ands quarks ance are  with B, have nearly identical cooling as that of field-free
estimated in the bag model. The current masses of the quarkéM stars even though their maximum masses are very dis-
are taken am,=5 MeV, my=10 MeV, andm;=150 MeV, tinct.
and the bag constant &=250 MeV fm 3. In Fig. 1, we We now explore the effect of strange baryons, namely
display the neutrino emissivity from th@-decay ofd ands  hyperons {(\’s, 3's and E’s) on the nucleon direct Urca
guarks aB,,=0 [see Eq(10)] in quark matteQM). Thed  process. Theg3-equilibrium conditions then generalize tq
quark B-decay reactions are kinematically allowed rif, =b;un—Qije, Whereb; andq; are the baryon number and
=n,. At densitiesn,=0.85 fm 2 and above whess quark  charge for théth particle. Since the hyperons are more mas-
decay is allowed, the emissivity is increased to about arsive than the protons, the effect of the magnetic field on their
order of magnitude in spite of Cabibbo suppression. This iglirect Urca processes is negligible. Because of the large un-
caused by the largequark mass which allows the momenta certainties in the hyperon-nucleon interactions even at
of the free particles to deviate appreciably from collinearitynuclear density, for a conservative estimate of the emissivi-
which tends to increase the matrix elemgnt(1—cosfz,)].  ties, we set the nucleon-meson and hyperon-meson coupling
It was, however, showp6] that by the inclusion of quark- constants equal. Furthermore, the critical density for nucleon
quark interaction, the neutrino emissivities frothand s  direct Urca process is nearly identical to the hyperon thresh-
quark B-decay are comparable in magnitude. The emissiviold density in the relativistic mean field model, and the emis-
ties for the quark direct Urca processes in presence of theivities from the hyperon direct Urca processes are about
magnetic field see Eq(11)], remain virtually unaltered from  5_100 times less than that from the nuclefit§. Therefore,
the field-free case due to the population of a large number afye shall present vs n, results only for the nucleon direct
Iev'&ls :\InMaII th(i quark species. In either case, it is found thagcg process in presence of hyperons. This is shown in Fig.
SSrCJSUrc_aS 107°. It may however be noted that the thresh- 1 and denoted by NKHY). With the appearance of hyper-
old density fors quark inB, shifts to a lower value which  gns, the reduction in the chemical potentials of the nucleons
depends sensitively on the parametgrand y of Eq. (12)  4nq electrons required by the baryon number conservation
(see also Ref.12]). This shift is caused by the large electron 5 charge neutrality condition causes a substantial reduction
abundances, in particular, which alter the kinematical condiy the emissivity compared to that from NM. In fact, with
tion for s quark decay at this density and field. increasing density when hyperon abundances grow rapidly,

. In a.reallsnc situation, if quarks at all exist, a star with the emissivities gradually decrease. FBg#0, only the
increasing density from the surface to the center would have

a pure nucleon phase at the inner crust and core with a pogfround Landau_levels fae gndp are populated over a con-
sible pure quark phase at the center and a mixed nucleoﬁ-'d_era_bl_e den_sny range in this matter._qusequently, the
quark phaséNQP) in between. The mixed phase of nucleons €Missivities withB,,, in NM(H\_() stz_;\rs are significantly larger
and quarks is described following Glendennifig]. The than that for the corresponding field-free stars. _
conditions of global charge neutrality and baryon number Allowing now baryon to quark phase transition, the emis-
conservation arexyQ"+(1—x)Q%=0 and ny=yn2+(1 smty displayed in Fig. 1[denoted by NQEHY)]_fo_r Bnm
—x)nd, wherey represents the fractional volume occupied =0 is larger than that from the NQP matter. This is caused
by the hadron phase. Furthermore, the mixed phase satisfig¥ the delayed appearance of quarks in hyperon rich matter,
the Gibbs’ phase rulegt,=2u,+ uq andP"= P4, The neu- so that the the total emissivity Is primarily dommat.ed.b.y the
trino energy loss rate in this phase is given bﬂfﬁz nucleons. In presence of the field, the totgl emissivity of
— el 4+ (1-x)eSM.. The neutrino emissivities for the NQP(HY_) matter is about an order of magnitude larger fo_r
nucleon-quark phase transition are shown in Figddnoted the maximum mass star and'ther.efore leads to faster cooling
by NQP. ForB,,=0 case, with the appearance of the quarkscompared to the corresponding field-free star.

atn,=0.533 fm 3, the emissivity decreases from the corre- Using the nonrelativistic limit of the present EOS for the
sponding NM case. Apart from the reduced emissivity of theSPecific heat, and emissivity, the time for the center of a
quark phasegwhich being, however small at largg), the ~ NM star to cool by the direct Urca process to a temperature
reduction in the chemical potentials of the nucleons and elecly at B,,=0 may be estimated to bt=—[(c,/e)dT
trons resulting from the requirement of the global charge~10T,* s. In contrast, forB,#0, the NM star's center
neutrality and baryon number conservation conditions in theools faster withAt~0.5T, # s. By invoking quarks and/or
mixed phase, primarily causes the decrease in emissivity inyperons, the decrease in emissivity is much more compared
the NM sector and thereby the total emissivit gg. For  to that of the specific heat resulting in slow cooling of the
stars withB,,#0, the emissivities in the mixed phase arestar's center. The typical time scale associated with the
increased due to its enhancement in the NM sect@&jand  propagation of thermal signals through the outer core and the
also for the kinematical change in the threshold densitysfor crust to the surface before the sudden temperature drop is
guark decay as described above. The central densities ofiite high~1 to 100 yr, depending on the crustal composi-
maximum mass stars fall within the mixed phase, and contion and relative sizes of the crust and the core and thus upon
sequently such stars would have faster cooling than purthe EOS. Therefore, it seems to be quite difficult to distin-
quark stars. The maximum mass NQP stars with and withouguish observationally from the effects of direct Urca process,
magnetic field, however, have much smaller emissivitieghe interior constitution of a star.
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Throughout our discussion, we have assumed that theay to the surfac¢l7]; the field at the surface is then the
electron is the only lepton. If the triangle inequalig'ep estimated value of- 10 G originating from crustal decay
+pr,=Pr, is satisfied, then nucleon direct Urca processonly. The variation of8, for the parameter valug8 and y

with muons will occur; the threshold density for this processuSed in Ref[12] however does not provide such a mecha-
is higher than electrons sinea,>m,. The g-equilibrium  NISM. _ _ R
condition ue= ., moreover implies that the emissivity for In conclusion, the neutrino emissivities for all the cases
Urca process with muons is same as that for the correspongtudied here are found to be dramatically enhanced in a mag-
ing process with electrons. In the present model, the nucleofeétic field compared to that from the nonmagnetized stars.
direct Urca processes are not permitted at densitigs However, for certain stars unambiguous determination of the
<0.34 fm 3. interior constituents may be difficult. There can be stars with
At certain densities and temperatdre T,~10°- 109K, the same composition, as for example the NM stars in a
the nucleon superfluidity may set in. The specific heat angnagnetic field, but with slightly different masses of I\b§
direct Urca rate are then reduced by a factoexp(—A/T), and 1.60/, having their central densities at 0.72 ffand
where A is the larger of the neutron and proton gaps.0.88 fm 2 residing below and within the kernel of fast cool-
The modified Urca rates are, however, reduced by a factdng respectively, and thus have completely different emis-
~exp(—2A/T) for neutron superfluidity and by sivities. On the other hand, a NM star wiff,,=0 and a
~exp(—A/T) for superconductivity{15]. In presence of a NQP star in a magnetic field, though possessing different
magnetic field, the superfluid protons are believed to form anterior compositions, have nearly identical emissivities. It is
type Il superconductor in the outer core within the densityalso found that when pure nuclear matter is injected with
range 0.Ry<n,<2ny, and the estimated lower and upper nonleptonic negative charges, namely hyperons and quarks,
critical magnetic fields are respectivelii;~10"° G and the emissivities turn out to be smaller than that from the
H.,~3x10'% G [16]. With the choice of variation 0B,,  nuclear matter. It has been already demonstrfil&] that
with n, [see Eq(12)], the field is 16*-10° G at the bulk of  nonleptonic negative charges cause a softening of the equa-
the outer core and could form a superconducting region dion of state. We thus arrive at a general result that when
T<T., while the inner core and center wiBy,~10® G is  matter contains nonleptonic negative charges, the maximum
in the normal state without superconductivity. The superconmasses of the stars are smaller with a suppression of the
ducting outer core region can, in principle, trap the muchneutrino emissivity than that of the pure nuclear matter with
stronger field at the inner core and center preventing its deand without a magnetic field.
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