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Abstract. The impact of various competing heating processebneda et al. 1994; | _Schaab et al. 1996; Page|1998). The
on the thermal evolution of neutron stars is investigated. Wevestigations performed so far have however the deficit
show that internal heating leads to significantly enhanced stivat they did not sufficiently clarify the relative weight
face temperatures for pulsars of middle and old age. The heatirigthe different heating processes. The majority of these
due to thermal creep of pinned vortices and due to outward nmiovestigations concentrated on few preferred dissipation
tion of proton vortices in the interior of the star leads to a bettprocesses (e.g Shibazaki & Lamb 1989; Cheng et al.|1992;
agreement with the observed data in the case of enhanced c8eldrakian & Sedrakian 1993; Reisenegger 1995) with the
ing. The strong pinning models are ruled out by a compariserception of the work of Van Riper (1991), who treats the
with the cooling data on the old pulsars. For millisecond puheating in general phenomenological terms. A meaningful
sars, the heating due to thermal creep of pinned vortices ammparison of the individual processes studied in these papers
chemical heating of the core have the largest impact on the sarstrongly hampered by the fact that these investigations were
face temperatures. The angular dependence of the heating rageormed for different microphysical inputs and different
require two dimensional cooling simulations in general. SucHevels of sophistication concerning the cooling simulation code,
simulation is performed for a selected case in order to check freventing one from drawing definitive conclusions about the
applicability of one-dimensional codes used in the past. relative importance of the individual heating processes.

The aim of this paper is a comparative analysis of the im-
Key words: stars: neutron — stars: evolution pact of different heating processes on the thermal evolution of
neutron stars. Our simulations take into account the most re-
cent developments concerning the microphysical input and em-
) ploy both relativistic and non-relativistic equations of state of
1. Introduction superdense matter. We perform the cooling calculations for a

Simulations of the thermal evolution of neutron stars confrontédlly relativistic, evolutionary simulation code. Although in-
with the soft X-ray and extreme UV observations of the photdgrnal heating is generally azimuthally asymmetric, we shall
flux emitted from their surface provide one of the most us&S€ an one-dimensional cooling code for almost all simula-
ful diagnostics of the physical processes operating in the defi§8S. To demonstrate the reliability of this approximation, a
interior of such stars. The early evolution of a neutron star §¥0-dimensional calculation is performed for a selected case as
completely dominated by the cooling via neutrino emission; Well (Schaab & Weigel 1998). As far as we know, this is the
this stage the star effectively radiates away the initial contentft fully two-dimensional simulation of neutron star cooling
its thermal energy. In the later epoch one faces a competitiRich takes internal heating into account.
between cooling and heating processes, where the heating mayl e heating processes emerge as a response to the loss
even dominate in the late stages of the thermal evolution. Evéh-fotational energy of the star and can be divided roughly
tually, they reach a thermal equilibrium phase, where the hé3© two groups. Firstly, processes caused by the readjust-
generated in the star is radiated away at the same rate fromt of the equilibrium structure of the compact object
stellar surface. such as a sequence of crust/core-quakes (Cheng et al. 1992
The relative importance of the various eIementar@/nd references therein); nuclear reactions in cold nuclear
processes contributing to cooling is fairly well unMmatter with non-equilibrium composition (picno-nuclear re-

derstood (e.g. [Richardson etal. 1982, Van Riper 199a¢tions in the crust and weak processes in the core, see,
e.g., [lida & Sato 1997 and Reisenegger & Goldreich 1992).
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Bildsten & Epstein 1989: Jones 1990) and the dissipative nmeans of a Newton-Raphson type algorithm. The microphysi-

tion of proton vortex lattice in the superfluid core andalinputquantities needed forthe solution of these equations are

the vorticity decay at the phase separation boundarigd/en in Tabldl and will be discussed in detail in Sgkct. 5. If one

e.g. at the crust-core interface, (Sedrakian & Sedrakian|1988rounts for azimuthal asymmetry of the input quantities, e.g.

Sedrakian & Cordes 1998b). the heat raté, one has to solve two-dimensional thermal evo-
The rate of dissipation associated with these processedusipn equations, which have already been presented in Schaab

in most cases, intimately connected with the spin evolution &Weigel (1998) Schaab98c along with the numerical method

the star, in particular the evolution of its magnetic moment. THer solving them.

time dependence of the magnetic moment and the moment of

inertia. will affect the heating r.ate and thus the stqr’s c.oolingz' The normal component

behaviour along with the relation between the luminosity and

the age of the star; these effects are ignored in this study in ordég shall start the discussion of the rotational evolution by a

to constrain the actual number of the evolutionary scenarios; ef review of the spin dynamics of the normal (non-superfluid)

shall assume therefore a constant magnetic moment and monsentponent of the star. The combined effect of the braking of

of inertia. the star’s rotation via the emission of electromagnetic radiation,
The paper is organised as follows. The equations of thernedéctron-positron wind, and gravitational waves on the spin evo-

and rotational evolution of a neutron star are given in $éct.l@tion is commonly cast in a generic power-law form

Various heating processes associated with the dissipative mo-

tion of vortices and the changes of the equilibrium structutée (t) = =K () (2), ()

are reviewed in Secfs. 3 4. Additional physical input is di ; ;

cussed in Sedt]5. The observed data are summarised iE]Seatlh res1. is the spin frequency of the normal component. The

Sect¥ ts th Its of ling simulat hi h‘f’u tional form of K (¢) andn(t) depends on the dominant
€ClLf presents e resulls orour cooling simulations whic %rl%cess assumed. If one assumes thatthe energy losses are due to
discussed in Se¢dl 8.

the magnetic dipole radiation (Goldreich et al. 1971), thea
3andK is afunction of the surface magnetic field strengtfthe
2. Thermal and rotational evolutions anglea between spin and magnetic axis, the moment of inertia

2.1. Equations of thermal evolution of the starl, and a correction factey =1 + dln I /dIn Q.:

)
The thermal evolution is governed by the coupled system gf B?sin® a . (6)
equations for energy balance (Thorne 1977), I
d(Le*?) - 2 2 d(Te?) The braking index is known for the four youngest pulsars for
“or dmrZe <_€ue + he™ — CV&) , (1) which the measurements of the second time derivative of the
period, P, are available| (Lyne et al. 19983, Kaspi et al. 1994,

and thermal energy transport, Boyd etal. 1995). All four braking indices given by =
O(Te?) (Le2¢)eh—0 P.P/P2 fall into the range between 1_.2 a}nd 2.8. Thg devi-

5 = e (2) ations from the value for the magnetic dipole radiation has

been attributed to the increase of the surface magnetic field
This system requires as amicrophysical input the neutrino emigrength [(Blandford et al. 1983, Muslimov & Page 1996), an
sivity per unit volumeg, (p, '), the heat rate per unit volume,increase of the angle between the spin and magnetic mo-
h(p,T,9,0), the heat capacity per unit volume,(p, T'), and  ment axis [(Beskin et al. 1984, Link & Epstein 1997), or pres-
the thermal conductivitys(p, T'), wherep is the local density. ence of the weakly coupled superfluid in the core of the star
Theg;: andg,,, components of the Schwarzschild metric tensqGedrakian & Cordes 1998a). We shall assume, in a first ap-

g are denoted by-e?? ande??, respectively[ is the luminosity, proach to the problends to be constant and = 3.
and the other variables have their usual meaning. The boundarywith these assumptions, integration of Eg. (5) yields

conditions for[1) and{2) read

o\ — 1/ (n=1)

L(r=0) =0, @) () = ((n— DEt+ ;¢ 1)) : (7
Tlr=rm) = Tn(rm; Lm, M), ) where; is the initial angular velocity at = 0. If the initial an-
where T, (rm, L, My,) is fixed by the properties of the gular velc.)city.ifs large compared to the present angular velocity,
photosphere at the density = pm = 100gem=3 EQ.[1) simplifies to

(Gudmundson et al. 1983). Since the star’s thermal evolutign

for times greater than, say, a few months does not depend%r(t) = ((
the detailed initial temperature profile in the interior of the stalnd the age of the pulsar can be expressed as
one can choose, without loss of generality, an initialy isothermal

temperature distribution & (r) = 10'! K. The setofequations , 1 Q.(t)

for thermal evolution[{l1) and2) were solved numerically by~ » — 1 ‘Qc(m‘

n—1)Kt)"/0Y, (8)

(9)
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Apart from affecting the cooling history, the time variation/of for the coupling of the superfluid component to the crusts. We
as well as a deviation of the braking index from its canonicahall discuss several variants of the two main alternatives - the
value,n = 3, may lead to over- or underestimating the trupinned and the corotation regimes.

age by a factor as large as 3. A comparison of the theoretical

cooling _tracks with observed data is therefore affected by trg_sl_ Vortex pinning at nuclei
uncertainty (see Setl. 6).

The vortex creep theories of the dynamics of neutron
vortices in the inner crust assume these vortices to be
pinned to the nuclear lattice [ (Anderson & Itoh 1975,
The angular velocity of the superfluid phases adjusts to {Agar 1977, Alpar et al. 1984, Epstein & Baym 1988,
changes in the rotation rate of the normal component via é&nk & Epstein 1991, [ Pizzochero etal. 1997). The pin-
pansion or contraction of the neutron vortex lattice, which caming force provides a large resistive force to the vortex motion
ries the angular momentum of the superfluid. The mean macwdiich is necessary to spin down the superfluid component.
scopic density of neutron vortex linesg in cylindrical coordi- In this regime, the vortices move due to the process of vortex
nates(r,, z, ¢) is given by the Feynman-Onsager quantisaticreep, i.e. by thermal activation from one pinning configura-

2.3. The superfluid component

condition tion to another. The vortex creep rate has the general form
Link et al. 1993)
00 (rp, t) (
kn(rp, t) = 2Q(rp, t) + 7 P (10
P P P orp of = er_A/Teff’ (13)

Q(rp) denotes the angular velocity of the superfluid compQyherey, is a microscopic velocityd denotes the activation en-
nent ands = h/2my is the quantum of circulation carried byergy for a segment of a vortex line to overcome its pinning bar-
each vortex, wherg denotes the Planck constantang isthe  jer and7. is the effective temperature which includes quan-
bare neutron mass. The second term accounts for the gradigii$tunnelling effects and is a function of the local temperature
in the distribution of vortex lines. Because of the lack of SOUrCg$ the thermal bath. These quantities depend on microscopic
and sinks for vortex lines in the bulk of the superfluid, the te”ﬂ)‘arameters (e.g. the pinning energy), which themselves depend
poral evolgtion of the vortex number density obeys the numbgg e density, and on the velocity difference between the su-
conservation law: perfluid and the normal componeht?. Since the creep rai€
ony is given by Eq[(IR), EqL{13) has to be inverted to obtain the
B " V- (mwr) =0, (11) velocity difference’v?. This is done by an iterative procedure
: . . A imilar to the one described by Van Riper et al. (1995) .
\;v:g%l;slg;%\éetg)cny of vortex lines. Combination of EdE](lOf The rotational energy of the superfluid is converted to ther-
mal energy by the radial motion of the vortices. The energy

08 1 . 2 00\ dissipated by a single vortex per unit timefg;, = fi ol

A (QS T ) - (12) where fi; = p.xév? is the radial component of the Magnus

ot r
’ ) force. The dissipated ener@yper unit time and volume is then
A decrease of the spin of the superfluid componént £ 0) given by:

causes an outward radial velocity > 0. In the following we . o1
neglect the second term in parentheses and asslyfg) to 1 = Eaissr = 1pps6v?|€%], (14)

be constant throughout the superfluid phase, since the vortic- . .
ity gradients depend on the density profile of the mutual fri(\:’\-/%ere Eq/[(IP) has been used. The integration over the volume

tion coefficients, which are poorly known. Furthermore, ové)rf the superfluid component gives:

the evolutionary timescale one can assume fhat= €, i.e.
the deceleration rates of the superfluid and the normal comp

nents are the same. Then the velocity of the radial motion of . )
the vortices (and therefore the rate of dissipation) are relatB@S result guarantees conservation of both energy and angular

to the spin-down characteristics of the normal component Ji2Pmentum. For the implementation/oin ourong—dimensic?nal
Eq. (12). In this manner the dynamics of superfluid phasest0!ing code/ has to be averaged over spherical shells:
eliminated from the system of co.upled equation§ of sepular and [hsinfdode 1 oie
thermal evolution, and the heating rates are given directly ir= “—— —— = Zm‘pﬁv 192/, (16)
terms the spin characteristics of the normal component.

Tp orp

_hdV = || / psrpov?dV. (15)

where we assumed th&i® is approximately constant on spher-
ical shells. This approximation seems to be reliable becéufse
depends only logarithmically o, (Van Riper et al. 1995).

We next turn to the description of the dissipation processes in- We shall consider two models for pinning: the first model
cluded in the thermal evolution simulations. A number of dEB) uses the parameters from Epstein & Baym (1988) and
namical coupling regimes has been suggested in the literatuirgk & Epstein (1991) , where the pinning energy is derived

3. Dissipative motion of vortex lattices
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from the Ginzburg-Landau theory. In the second model (PVBlation). Using Eq[(25) we fingy ~ 10° g cm~!s~! at the

the parameters are derived by Pizzochero et al. (1997) fraensityp, = 10'3 g cm2 and, thereforetan §; ~ 5 x 1076,

the Bardeen-Cooper-Schrieffer theory of superconductivity. BEhe processes corresponding to higher orders in the vortex
low the densityl.5 x 10'3 g cm—3 the parameters for the bothdisplacement are generally velocity dependent. The next-to-
models do not deviate considerably. However, above densitieading order term, involving one-phonon processes, is esti-
> 1.5 x 103 gem™3 the large deviations in the pinning enmated as (Epstein & Baym 1992, Jones 1992)

ergy (the typical pinning energy is 10 MeV in the EB model

2
and~ 1 MeV in the PVB model) leads to rather different evo;, Ep (26)
lutionary scenarios and, therefore, we shall treat both models 2p5wa£%\/2W§nCKU%’
seperately.

wherecg is the kelvon velocity due to excitation of the oscilla-
tory degrees of freedom of the vortex lines moving with velocity

3.2. Corotating regime in the crust vy,. This process is sensitive to the actual excitation spectrum
The dynamics of the neutron vortices in the corotating regirié k€lvons. The possible localisation of kelvons in a random
is governed by the force balance equation nuclear potential (Jones 1992) leads to a threshold in the exci-
tation spectrum beyond which a continuum of states becomes
fu+Ffa=0, (17) available for excitations. In addition one requires knowledge of

the scattering amplitudes beyond the Born approximation. For
typical parameters one finds ~ 10'°gcm~! s~! at a density
Fap = —psk X (vs — v1), (18) of p, ~_1013gc_m*3,_ and, thereforetan 6 ~ 1L However, in

the stationary situations, the vortex velocities are rather small,
fa = —nlvr —ve), (19 and we shall assume that the leading tegnis the dominant

with the drag coefficien. A decomposition of the force balancePne in the corotating regime.
equation into radial and azimuthal components gives

where the Magnus and the drag (resistive) forces are:

W1 = (ve—ve) sin O €08 e+ (vat-ve tan? ) cos Baes, (20) 3.3. Electron—vortex scattering in superfluid core

An estimate of the heating processes in the superfluid core re-
quires knowledge of vortex lattice structure that nucleates after
the superfluid phase transition. We shall pursue the point of
1) view that the core’s magnetic field nucleates in a proton vor-
tex lattice. The frictional forces in a neutron star’s core are
dominated by the scattering of the quasiparticle excitations of
the electron normal Fermi-liquid by the proton vortex lattice.

where the dissipation angt;, following Bildsten & Epstein
(1989), is defined as

tanfy = .
Psk

The rate of the dissipation per unit volume is then given by

h=—Ffq (V] — V) Ngree = psrilﬂs\w, (22) The reason is that the number of proton vortices per neutron
_ o vortex, given byn ~ (v/3/2)(B/®,)d?, is of the order of
with the abbreviation n > 102 for B ~ 10'2 G and a neutron vortex lattice constant
Vs — Ve oF of d,, ~ 1073 cm. The dominant dissipative scattering results
w = o 7y Sin 0 cos 0’ (23)  from the scattering of electron excitations off the quasiparti-

) cle excitations confined in the core of proton vortex lines. The
= 1 i ! . (24) scattering rate is a sensitive function of the form-factor of the
20 Piree sin g cos by vortex line core and the actual distribution of vortex lines (e.qg.
Here &, denotes the fraction of the free (corotating) vortice§ormation of vortex clusters, Sedrakian & Cordes 1998b). An
This quantity is largely unknown, but for stationary situation§rder-of-magnitude estimate of the dissipation rate is given by
one may assume that definite crustal regions support either cd@gdrakian & Sedrakian 1993)
tation or creep regimes and the mixing is small. Hence we shall L\ 2
adopt®g,. = Nfree/M = 1 for_the _corotz_ating regime. h— 4—5fT <Q> R%sin? 0 cos? 0, 27)
The dominant processes in this regime result from the cou- 8= Q
pling of the translational motion of the vortices to the electron-
phonon systen (Jones 1990). The leading order coupling imbereT is the temperature} the radius of the superfluid core

plies a resistive force constant and f is defined a%
E2 m2k k? A E 2"!‘2/3‘]{)‘
L e I @25) f = 4ln’a? 22 D0 &
3271/2 ME3c3 hc¢ kpr R Ap

whereq is the lattice constant, the pinning energy,, the ~* Note that the multiplication sign in the second line of Eq. (11) in
neutron coherence length/ the (effective) mass of the nuclei,Sedrakian & Sedrakian (1993) should be replaced by a division sign.
andc, the phonon velocity (given by the unperturbed dispersidris misprint is corrected here.
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I\ M2 0.78A2 o
pkgT ) T e(Q)=1(Q)/1(0)-1 /

p

. 0.3
wherekr = (372n,)'/® denotes the proton Fermi momen- ;
tum, kpp = (4kpmpe2/7rh2)1/2 the Thomas-Fermi screening™
length, B, = h2k%/2m; the proton quasiparticle energy _vvitt‘@ 02 L i
the proton effective mass;, k = (m; —m,)/m, the entrain- &

ment coefficient, and :
h2kF 0.1 B
= 29
& PN (29)
mpc? \ 0.0 e : ‘
Ap = (14 k)2 (1’2) (30) ~o 2000 4000 6000 8000
4mnpe Qs

the proton coherence length and the magnetic field penetrgy. 1. Oblateness: and the variation of the central density—
tion length, respectively. It should be noted that the dynamical(2) /n.(0) of rotating neutron stars versus angular velocity. The
coupling of the proton vortex clusters to the electron liquid garameters aré¥/s = 1.58 M and UVi4+UVII-EOS.

controlled by the electron flux-scattering processes, whose rate

is larger than that for the electron scattering off the vortex core

c!ua5|part|cl_es. While in the latter case the s_catte_rlng is m.ela(qure,@o — he/2e is the flux quantum. The quantityis very
(i.e. energy is transfered to the proton quasiparticle localise

in . o : .
the vortex core), the former process of electron-flux scatterisensmve to variations of the microphysical parameters such as
is predominantly elastic i.e. involves only a change of directiq

ﬂr?e proton density, the effective mass, and the gap energy at the
of the electron momentum (but no changes in the energy). %:atmn of the phase transition point. We use a fixed upper limit
the classical (or quasi-classical) limit this process corresponds

fQr this process corresponding to the valug ef 1022,
to the bending of the electron trajectory in the magnetic field of
a vortex under the action of the Lorentz force and is manifestly
non-dissipative. In the quantum limit the processes of the soft-
photon emission can not be dismissed in general; however fkeea neutron star spins down its global structure readjusts itself
corresponding rates should be substantially less than the elagtweard a more spherically symmetric configuration to minimise
scattering rates. the sum of gravitational and rotational energy. Two models of
internal heating discussed here are based on the structural read-
justment of the oblateness of the star, defined as

Readjustment to equilibrium structure

3.4. Decay of vortices

The proton vortices, which are dragged along by the neutron . _ @ B 33)
vortex motion in the radial outward direction to the crust-coré® = 1(0) ’

boundary, would decay as they merge in the crust, thus releas-

ing their self-energy. The relevant crust-core boundary for t#§d of the central baryon density.. I(€2) denotes the star’s
process should be identified with the phase transition point fleoment of inertia. The equilibrium values of both quantities
tween the phase with protons bound in heavy nuclei and thé determined as functions of the angular velocity by comput-
phase in which they are in continuum states. Since the crudfdl & sequence of rotating neutron star models with constant
matter can not support a proton supercurrent, the circulatidaryon number.(Schaab 1999). These calculations are done by
currents of proton vortices would decay on the ohmic d|ss|pgplvmg the general relativistic stellar structure equations in two
tion timescale, which is much smaller than a star's spin-dovgtimensions, in a similar manner as in Komatsu et al. (1989) and

time scale. The resulting heating rate at the crust-core bound8gnazzola et al. (1993). As an example the oblateressd
is given by the fractionl — n.(£2)/n.(0) with the central density..(€2)

are plotted for a neutron star model with constant baryon mass

‘th _ @RS (31) Mg = 1.58My, in Fig.[d. The underlying equation of state is

I q the non-relativistic UY,+UVII-model (see Sedt. 5l 1).

with '

. Ay €\ 2/ 4.1. Crust cracking
g9=3\1- (2 In gp) || (AP) If both the interior and the crust are liquid, the oblateness will
P P continuously adjusts itself to the equilibrium value. This is the
dy \° Ap 30 case for the temperaturés> 10® K (Cheng et al. 17992). How-
4m, g ) (32) ever, if the crust solidifies, the oblateness continuously depart
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from its equilibrium value causing an increasing mean stress4:12. Chemical heating

i I 9 . . e
the crust according to (Baym & Pines 1971) The central density of a rotating neutron star with fixed baryon

o= jile — eeq), (34) number depends on the angular velocity (seelfig. 1). As the star
spins down, the centrifugal force decreases and correspondingly
where/i is the mean shear modulus of the crust. The quantifye central density increases (by up to 20%). This is accompa-
eeq refers to the equilibrium value of the oblateness. If the meafed by a shift of the chemical equilibrium. The matter would
stressr reaches some critical value maintain chemical equilibrium if the relaxation timescales for
. the weak processes are small compared to the timescale of rota-
0c = fifc, (35 .. : .
tional evolution. However, these timescales are found to be com-
the crust breaks and the deviation ofrom its equilibrium Parable and the actual composition departs from chemical equi-
value is reduced. For an ideal Coulomb lattice, the value #9rium, which modifies the reaction rates (Haensel 1992) and
the critical shear anglé, is of the order of magnitude0—! —  usually leadsto anetconversion of chemical energy into thermal
102 (Smolukowski & Welch 1970). The fraction of impuritiesenergy (Reisenegger & Goldreich 1992, lida & Sato 1997).
or defects in the neutron star crusts could be considerable duefor simplicity we restrict ourselves to a system containing
to, e.g., the fast cooling below the melting temperature of t8ly neutrons, protons, electrons, and muons-equilibrium
lattice. Smolukowski & Welch (1970) argues that the value @S is described by the non-relativistic EOS {4¥UVII). The

6. is then reduced to roughly0—* — 10-5. equation of state of cold, charge neutral matter, which is not
During the breaking of the crust the strain energy necessarily irg-equilibrium (we assume however equal chem-
ical potentials for electrons and muonsg: = 1,,.), therefore
APEstrain = 2B(e — ecq) A(e — €eq) (36) depends only on two parameters. These are chosen to be the

baryon densityn and the relative proton density = n,/n.
These two parameters are constant on closed, sphere-like sur-
facesS(N) of constant energy density and pressuré®. N
refers to the number of baryons enclosedhyVe approximate

e time derivative of the baryon density on a specific surface
a‘ﬁ(N) by the expression (Reisenegger & Goldreich 1992)

isreleased (Cheng et al. 1992), whére —e.) < (e—eeq) IS
the change irfe — e.4), and the coefficienB is given in terms
of the mean shear modulus Wy = %Vcﬂ with V, being the
volume of the crust. We follow Cheng et al. (1992) in assumi
that (e — e.q) is approximately equal to its maximum valée
and that the time\¢ between two successive quakes is sm

compared to the time scale of thermal evolution. HEnce dn n dn. dQ (42)
dEstrain _ AEstrain — 280 A(e - eeq) dt N Q=0 df dt 7
dt At ¢ At wheren, is the central baryon density, ard.. /dS2 is obtained
~ —2B6, deeq Q.. (37) from calculations of rotating neutron star sequences (seklFig. 1).
dQ. The equilibrium valuer,, of the proton fraction is deter-
The crust strength B is given by the integral mined by the following condition on the energy per baryon
(Baym & Pines 1971) o 3£ B ai% N OE on, N OFE On,
5 B=%r = on, 0z  Ony, Ox  One Oz
B / b(r)d®r (38) oF on,
o +— (43)
with Oy O
= :up*,ufn‘i’,ue:()v (44)

1 r\2 777 /r\%
b(r) = g Caa(r) { 96 — 166 (ﬁ) T (ﬁ) (39) where we used the charge neutrality of the systgm,/0z =
One/0x + On, /Ox, the conditionu, = u,, and the equation
and the shear modulus of a bcc-lattice (Mott & Jones 1936) onp,/0x = —0n,/0x = n. The time derivative of: is linked

o\ /3 to the time derivative of*% by
044(7’) = 0.37112262711\] <) . (40) drea N dzee g dn dQ

nN o el
i dt — dn ne|g_odQ dt’ (45)
The total strain energy releage {37) can thus be expressed in
terms of a local energy loss rate: where Eq[(4R2) was used.
deo A deviation from chemical equilibrium corresponds to a
h = 2b0, dQeq 12| (41) non-vanishing value ofi.. The non-vanishing gradient of the

total chemical potential including both internal and external
2 Our formulas differ from those of Cheng et al. (1992) by a factdontributions causes a diffusion of particles. If the timescale
0. /e, which is< 1 for slowly rotating stars. We therefore obtain ndor .Chemical rela.xation is Iarger than the timescale for this _dif'
effect on the cooling of slowly rotating stars, in contrast to Cheng #tsion, the chemical relaxation takes place in a larger regoin of
al. (1992) where rather large effects are claimed. the neutron star, angj: has to be averaged over such regions.
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It seems likely that this kind of relaxation occurs in the core &. Additional ingredients and comparison

neutron stars (Reisenegger 1997). of the efficiency of the heating mechanisms
The time derivative of Apart from the rates of the various heating processes discussed
0E 0°FE in the previous sections, some further ingredients are needed
on = or 022 . (7 = %eq) (46) to solve the general relativistic equations of stellar structure
o and evolution (see SeCt. 2.1). These additional ingredients are
yields the evolution equation faoi: summarised in Tablg] 1. Here we shall only discuss the equa-
) o tion of state of the dense interior of a neutron star, the neutrino
9op - rE (F _dz™ n d”dQ> (47) emissivities, the superfluidity gaps and the photosphere, since
ot Ox? |y \ 1 dn nelg_o d2 dt )’ these ingredients are the most important ones. Further, we will

) ) compare the efficiencies of the various heating mechanism.
wherel'(6u, n) = ndx /0t is the difference between the rates

per unit volume of electron capture and beta decays. This dif- )
ference gives a positive value fép. > 0, so that chemical 9-1. Equation of state

equilibrium tends to be restored. The second derivative of tRg, the outer and inner crust we adopt the equations of state

energy per baryon is equal to of Haensel & Pichon (1994) and Negele & Vautherin (1973).

PE 1 The transition density between the ionic crust and the core

e =85(n) + ghc(i’mn)l/%*/g, (48) of a neutron star is taken to hg, = 1.7 x 104 gcm™3
T=Toq (Pethick et al. 1995). For the present study, we choose two mod-

els of high density matter. The first, non-relativistic model

whereS(n) denotes the symmetry energy. ) . ; . .
The average energy released by these reactions into kin H¥14+UV”) IS obt_a|r_1ed by solving the Spbdlnger equation
- means of a variational approach (Wiringa et al. 1988). The

and thus thermal energy is equal to the difference of the Ferrdi ]
gy 1s eq r model (RHF8) uses relativisticidrkner-Hartree-Fock re-

energies of protons and electrons on the one side and neutdNs . . .
on the other side. i.e.: sults up to 2—-3 times normal nuclear density. Hyperons are in-

cluded within the relativistic Hartree-Fock approach above this
h=Téu. (49) density (Huber et al. 1998). One important difference between

these equations of state is that the non-relativistic model treat
At the same time, thermal energy is lost by emission of therm@autron star matter as being composed of neutrons and protons
neutrinos, as it is the case for matter in chemical equilibriurdnly (which are ing-equilibrium with leptons), whereas the
The emission rates are however modified by the deviation fra@lativistic model accounts for all hyperon states that become
chemical equilibrium (seg Reisenegger & Goldreich 1992 fappulated in the cores of neutron stars.
the values of” ande, ). Like the neutrino emissivity,,, the re-
action ratd" is suppressed by superfluidity unless the deviaticg1
of chemical equilibriund ;. exceeds the sum of the gap energies
of the participating baryons (Reisenegger 1997). The neutrino emission processes can be divided into slow and

Until now we have considered only the restoration of cherenhanced processes depending on whether one or two baryons

ical equilibrium in the core. The situation in the crust is simparticipate in the reaction. Due to the rather different phase
ilar, though more complex. lida & Sato (1997) studied thspaces associated with both kind of processes the emission rates
Lagrangian changes in pressure associated with elementslifiér by several orders of magnitude.
matter due to the spin-down in the framework of the Hartle- If one neglects exotic states in neutron star matter (like
approximation[(Hartle 7967). By considering the nuclear prguark-gluon plasma and meson condensates) the only enhanced
cesses induced abope= 3 x 10'3 g cm~3 by compression or neutrino emission processes are the direct nucleon and hyperon
decompression of matter, they approximate the chemical enetgrga processes
per unit volume and time converted to thermal energy to

2. Neutrino emissivity

) n— p+A + 0y (52)
2Q|) - 15
h%nqNsin0|1—1.4600320|#, (50) Bi = B2+ A7+, (53)
(62835 1)2
respectively, where3; » = n, p, 20, A, 2%~ denotes the
whereng ~ 4¢V fm~? is the energy per unit volume releasetharyons and\; » = e, u~ the leptons. Because of the
by one non-equilibrium proces8/ ~ 15(p — p1)/(per — ;1)  equilibrium the inverse reaction (with replaced by) occurs
is the number of processes in a unit cell, gnd = 1.7 x at the same rate as the direct one. The emissivities of these
10'* gem ™3 is the transition density between core and inngirocesses were computed by Prakash et al. (1992). Simultane-

crust. By averaging over spherical shells we obtain ous conservation of energy and momentum requires that the
06 triangle inequalityp; < pf. + pt and the two inequalities
ha3x 10—~ 1] ergem 3571, (51) obtained by cyclic permutation are fulfilled for the Fermi mo-
pre — p1 1s72 mentap! . If the inequalities are not fulfilled the process is ex-
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Table 1.Input quantities used for the cooling simulations

Parameter References

Equations of state:

crust Haensel & Pichon 1984, Negele & Vautherin 1973
core (alternatives)
UV14+UVII Wiringa et al. 1988
RHF8 Huber et al. 1998
Superfluidity see Tablg]2
Heat capacity Shapiro & Teukolsky 1883, Van Riper 1991
Thermal conductivities:
crust Itoh et al. 1984, Itoh 1983, Mitake et al. 1984
core Gnedin & Yakovlev 1995

Neutrino emissivities:
pair-, photon-, plasma-processes___Itoh et al. 1989

bremsstrahlung in the crust Yakovlev & Kaminker 1996, Haensel et al.| 1996
bremsstrahlung in the core Friman & Maxwell 1979, Kaminker et al. 1997
modified Urca Friman & Maxwell 1979,
Yakovlev & Levenfish 1995
direct nucleon Urca Lattimer et al. 1991
direct hyperon Urca Prakash et al. 1992
superfluid pair breaking VoskreseniskiSenatorov 1987,
Schaab et al. 1997
Photosphere: Potekhin et al. 1997

Table 2. Gap energies of superfluid states in neutron star matter. The density ranges are calculated
for the RHF8 equation of state.

Pairing Amax [MeV]  Density range [fm®]  References

neutron'S, 1.01 < 0.16 Schulze et al. 1996

proton'Sy 0.92 0.10-0.31 Elgargy et al. 1996a

neutron®Ps 1.45 > 0.06 Baldo et al. 1998, CD-Bonn potential
lambdalS, 0.24 0.44-0.63 Balberg & Barnea 1998

tremely unlikely to occur and the corresponding emissivity cdn3. Superfluidity

be neglected. The availability of the various fast processes thys . . . .
depends on the partial concentrations of each baryon speci & parng gaps are sensitive to the ynderly!ng micro-
The proton fraction, which determines the possibility of the d COPIC mgdlel for thﬁ nucleon-pucleon |.nt”eract|cr)1r.1.h8(;nce'
rect nucleon Urca process, depends crucially on the symmetprese models are rather u_ncertaln, especially at 'gh densi-
ies, the value of the maximum gap and the density range

energy, which is poorly known for high density matter. As an o . 4

. . . . where pairing can occur is model dependent. The disagree-
example of an equation of state which yields slow cooling "fent arising from the different interaction models is en-
study the non-relativistic equation of state UVUVII. Due to 9

. . Jarged by more subtle issues of the medium polarisation
the non-monotonic behaviour of the symmetry energy at hi il "y i .
densities, the triangle inequality is not fulfilled for this equatio \ambach et al. 1991, Schulze et al. 1996) or the inclusion of

of state. The relativistic equation of state RHF8 allows for bo{ﬁlat'v'ty (E_Igarﬂ y etal. 1996b). 14 3 :

: . At densities of the ordet x 10*“ gcm ™" the S state inter-
the direct nucleon and the direct hyperon Urca processes forsatC rion becomes repulsive for neutrons. and'fieneutron ga
masses\/ > 1.09 Mg andM > 1.22 Mo, respectively. closes. The attract[i)véP "3 I, state interaction leads tg) tFr)le

During the transition to the superfiuid state of e airin . in this channel 2at abo2ut the same densities. Fothe
trons and protons the superfluid pair breaking and fdpcrng '

mation processes become importafit (FTowers & Toh 197%a_te pairing we use the recent calculation of Baldo et al. (1998)
rvhlch is based on the modern nucleon—nucleon CD-Bonn po-

Voskresenshi& Senatorov 1987). We refer to Schaab et al Ir}tial (Machleidt et al. 1996), which provides accurate fits to

(1997) for a detailed description of these processes and t E :
impact on the cooling of neutron stars. q e actual nucleon-nucleon scattering data below 350 MeV.
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Field theoretical descriptions of the heavy-baryon intecarbon. Additionally accreted matter will be converted into iron,
action based on the one-boson-exchange model indicate teating the thermal insulation of the star practically unchanged
the A — A interaction has an attractive component. From tH@otekhin et al. 1997). The effect of accreted envelopes on cool-
so-called doubly-strange hypernuclei, where two hyperons amg of neutron stars are discussed in Sect. 7.3.
bound in a single nucleus (Imai 1892), one can verify this field
theoretical result, since, for instance, the sepf_;\ration energyspg_ Comparison of the efficiency of the heating mechanism
the two A hyperons,B,, exceeds the separation energy of a
single A from the same nucleug3,, by more than a factor of In Fig.[2 the heating rates
two. As expected according to the quark model, the bindir}g
energy of hyperonsABapy = Bap — 2By =~ 4-5 MeV, is =

somewhat less than the corresponding _bindir_ng energy of nucd?s'cussed in Se€fl 3 afdl 4 are compared with the total photon
ons,AByy & 6-7 MeV. Due to these similarities) hyperon and neutrino luminositied., and L,,, respectively, where an

pairing is expected in high density matter in analogy with the . T ) X

g ISothermal configuration, i.&'e? = const., is assumed. Since
case of nucleons. Here, we use tigyperori S, gaps estimated the heating rates depend not only on the temperature but also on
by Balberg & Barnea (1998). The impact Afpairing on the 9 P y P

. . . hg time, we use the standard thermal evolution scenario without
thermal evolution of neutron stars has recently been investigaied .. : ; )
eating to link the star’'s temperature to its age.

in Schaab et al. (1998a). . . We use two values of the rotational paramefer(see
After the onset of the superfluid state of the respective coa. [B)). Aboutthe firstvaludy — 1015 s (left panel in Fig?)
stituents of stellar matter the neutrino emissivities, the thet-h—q' ’ . P ’

o . e observed values of most of the pulsars scatter, particularly
mal conductivity, and the heat capacity are suppressed by f(a)l the five pulsars in class A. However there are four pulsars
tors which behave likexp(—aT,/T) for T <« T,, where b : b

i 7
T. denotes the critical temperature andis some constant (see Tablé]3) which are rather old,> 6 x 107 yr, and rotate

of order unity (Maxwell T979] Leventfish & Yakoviev 1994,"S"Y fast.P’ < 6 ms. These puilsars are supposed toezy-
N cled by accretion of matter from a companion star (see, e.g.,

Gnedin & Yakovlev 1995, Yakovlev & Levenfish 1995). We___ N\ o . . 99
refer to Levenfish & Yakovlev (1994) for fitting formulas Ofl'_onmer 1996). Since their rotational paramefér~ 107 s

. is quite different from the one of all the other pulsars, we shall
Rst, that are valid over the whole temperature rafige: 7. 1udy them separately (see SEGT 7.4 and right panel dfFig. 2)
for both types of pairing state. The suppression factor of tﬁe y P y ' gntp 9. £).

3 . . ) .~ For the valueK = 10~'° s the rate of only three heating
P> pairing behaves exponentially only if the neutrons Pahechanism, EB- and PVB-pinning and corotating core, exceed
in the nodeless state withh = 0. In the case ofm = ’ '

2 this factor behaves polynomially (Anderson & Morel 1961b0th.’ the photon and the neutrino Iumlnogltles. we expect (and
. . Obtain) therefore only for these three heating mechanism a con-
Muzikar et al. 1980, Levenfish & Yakovlev 1994). The effects. . .
o . . g Siderable effect (see Selct. 7). All these heating mechanism af-
of m = 2 pairing on the cooling behaviour is discussed i : L
) I ect both the late and the early cooling. This is in contrast to the
Schaab et al. (1998b) where considerable modifications were —99 - . . .
S case, wherd{ = 10~2* s is employed. Since the time deriva-
found. Due to the uncertainty in of the ground state quantum L :
Ive of the angular velocity is small in the latter case, only the
numbers of the neutron condensate we shall adopt here the more C . : .
. i late cooling is affected. Besides the three heating mechanisms
conventional case of the = 0 nodeless pairing. : ; . .
guoted above, the other heating mechanisms result in a heating
rate which is larger than the photon luminosity, except the heat-
5.4. Photosphere ing from a corotating crust. The rate of chemical heating of the
core depends also on the deviation from chemical equilibrium

While the heat conduction in the interior of the star is treate 1§ can be compared with the other processes onlv in detailed
dynamically in our simulations the actual surface temperatur%s P P y

are obtained by attaching an outer envelope Witk p,, at cooling simulations._ As we will sgeQJn Selct.17.4, it considerably
the boundary to the ‘core’. The validity of this approximatiorﬁiﬂectS the late cooling foi™ = 10" s.
has been discussed in Gudmundsson et al. (1983). To obtain

the surface temperatures we use the envelope calculation&bfPserved data

Potekhin et al. (1997) whose non-magnetic photospheres pifitly a few of the known pulsars have been detected by the
vide a smaller gradient for low effective surface temperatur®sray observatories Einstein, EXOSAT, ROSAT, and ASCA
Ter < 3 x 10° K than the earlier calculations of Gudmundsoguring the last two decades. We use a sample of 27 pulsars to
etal. (1983) and Van Riper (1988), mainly due to a refined tregbmpare the theoretical cooling curves with the observed data
ment of the electron conductivity in the non-degenerate regiqgee TablEI3). Both the timing characteristics @ends2) and
This yields a slower cooling in the photon cooling era for stagg |east an upper limit on the effective surface temperafijte
older thanz 10° yr. as measured at infinity are known for these pulsars. Table 3
Even a rather small amount of accreted matter of saymmarises these data. The effective surface temperatures are
AM ~ 10716 M, substantially reduces the thermal insulatiogpecified together with theito error range.
of the photosphere. The effect is highestfob/ ~ 10~" Mo, The ages of all pulsars except PSRs 0531+21 (Crab), 0833-
where the accreted hydrogen is partly burned into helium aag (vela) and 0002+62 are estimated via their spin-down age,

A2 T2 pdr (54)
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| | Fig. 2. Heating rate as functions of inter-
25 e 25 nal temperature for A: EB-pinning, B: PVB-
F pinning, C: corotating crust, D: corotating
core, E: crust cracking, F: chemical heating
of the crust. The left panel corresponds to
i 1 K =10"'%s,therightonetd = 10-%2s.
20 = — 20 The photon luminosity, as well as the neu-
trino luminosity of a standard cooling and
log(T) [K] log(T) [K] an enhanced cooling model are also shown.

T = P/2P. This relation requires that both the moment of inCategory B: The spectra of eight pulsars, including the Crab
ertia and the magnetic surface field are constant, and that thepulsar 0531+21, can only be fitted by a power—law-type
braking indexn is equal to its canonical value of 3, which cor-  spectrum or by a blackbody spectrum with very high ef-
responds to a spin-down by emission of pure magnetic dipole fective temperatures and effective areas much smaller than
radiation (see Se¢t. 2.2). Of course, the spin-down age is a crudea neutron star surface. Presumably, their X-ray emission
approximation to the true age of a neutron star, which can de- is dominated by magnetospheric emission. Therefore, the
viate from this value by a factor as largeas3, as discussed temperatures, determined from the spectral fits, are proba-
before. bly higher than the actual surface temperatures. Pulsars of

The situation is different for the three pulsars quoted above, this type are marked with arrows.
where ages are known from different sources, that is: the ageGaftegory A: Finally, there are five pulsars, 0833-45 (Vela),
the Crab pulsar is known from the chronicles, the age of Vela 0656+14, 0002+62, 0630+18 (Geminga), and 1055-52,
was recently determined via the proper motion of the pulsar which allow two—component spectral fits. The softer black-
with respect to the supernova remnant by Aschenbach et al. body component is believed to correspond to the actual sur-
(1995), and the approximate age of PSR 0002+62 is given by anface emission of the neutron star, while the harder blackbody
estimate of the age of the related supernovaremnant G 117.7+06(or power—law) component may be due to magnetospheric
(Hailey & Craig 1995). emission. These pulsars are marked with errorbars.

The information obtained from the X-ray observations
is not always sufficient to extract the effective surface tené— o
perature of the corresponding neutron star. The sample %1
therefore divided into four categories labelled A through
(Ogelman 1995, Schaab et al. 1096):

The obtained effective surface temperature of pulsars of cat-
ry A depend crucially on whether or not a hydrogen atmo-
ere is assumed. PSR 0833-45 (Vela) is a specific example
cf. Table[B). Generally a spectral fit with a magnetic hydro-
gen atmosphere yields a substantially lower effective surface
temperature than a blackbody fit. These models of hydrogen at-
Category D: The four pulsars have not been detected in tm@spheres however do not yet take into account the presence of
soft X-ray range so far. By considering the instrumentaleutral atoms (Potekhin et al. 1997). Their effect should yield a
sensitivity an upper limit for the surface temperature coukpectrum that is more similar to the blackbody spectrum, as in-
be set. These pulsars are marked with white triangles in tilieated by the preliminary estimates by Shibanov et al. (1993).
figures below. The atmospheric composition of a specific pulsar could be de-
Category C: The detections of ten pulsars contain too few ptiermined by considering multiwavelength observations in the
tons for spectralfits. The surface temperatures were obtaimegir futurel(Pavlov et al. 1996). We shall use the effective sur-
by using the totally detected photon flux. These pulsars deee temperatures obtained by fitting the spectra with both the
marked with black triangles. blackbody and the magnetic hydrogen model atmosphere for
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Table 3. Sample of observed data

Pulsar P P log(7) log(K) log(T5g)  Category Reference
[ms]  [107"ss™'] yr] [s] (K]
0531+21 33.40 420.96 2.97 -13.9  6.1873:43 B 1
(Crab)
1509-58 150.23 1540.19 3.19 -12.6 6.11 +0.10 B 2
0540-69 50.37 479.06 3.22 -13.6  6.7710 0% B 3,4
0002+62  241.81 ~ 4t ~—13  6.20%59" Abb 5
0833-45 89.29 124.68 43+03f -140 6.24+003 Abb 6
(Vela) 58840.09 AmH 7
1706-44 102.45 93.04 4.24 -14.0 6.03%009 B 8
1823-13 101.45 74.95 4.33 -14.1 6.01 + 0.02 c 9
2334+61  495.24 191.91 4.61 -13.0 5.9270 09 c 10
1916+14 1181 211.8 4.95 -126 593 D 11
1951+32 39.53 5.85 5.03 -15.7 6147503 B 12
0656+14  384.87 55.03 5.05 -13.7 5.9840.05  Abb 13
5721008 AmH 14
0740-28 167 16.8 5.20 -14.6 5.93 D 11
1822-09 769 52.39 5.37 -13.4 578 D 11
0114+58 101 5.84 5.44 -15.2 5.98 +0.03 c 11
1259-63 47.76 2.27 5.52 -16.0  5.88 C 15
0630+18  237.09 10.97 5.53 -14.6  5.7675:0% Abb 16
(Geminga) 5.42%0 0% AmH 17
1055-52 197.10 5.83 5.73 -14.9 5.9073:9% A,bb 18
0355+54  156.38 4.39 5.75 -15.2 5.98 +0.04 c 19
0538+28  143.15 3.66 5.79 -15.3  5.83 c 20
1929+10  226.51 1.16 6.49 -156  5.52 B 21
1642-03 388 1.77 6.54 -15.2 6.0140.03 c 11
0950+08  253.06 0.23 7.24 -16.3 4937057 B 22
0031-07 943 0.40 7.56 -15.4 5.57 D 11
0751+18 347 79x107* 7.83 -20.6 5.66 C 23
0218+42 232 80x107° 8.66 -21.7 5.78 c 24
1957+20 160 1.7x107° 9.18 -22.6 5.53 C 25,26
0437-47 575 3.8x107° 9.20 -21.7  5.9440.03 B 27
The entries are: rotation perio®, spin-down ager = P/2P, K = PP (see Eq[(B)), effective surface temperature as measured

at infinity T;z. The four categories A to D are explained in the text. bb and mH refer to blackbody and magnetic hydrogen at-
mosphere fits, respectively. estimated true age instead of spin-down age (see text). References: 1. Becker & Aschenbach 1995, 2:
Seward et al. 1983k, 3: Finley et al. 1993,/ 4: Boyd et al. 1995, 5: Hailey & Craig 1995, Fig.2 with lower lim\xor6: égelman 1995,

Table IIl, 7:|[Page etal. 1996, Fig.1, B: Becker etal. 1995, 9: Finl@gﬁlman 1993, 10: Beckeretal. 1996a, 11. Slane & Lloyd 1995,

12: |Safi-Harb &0gelman 1995, 13 _Possenti et al. 1996, T4: Anderson et all 1993, 15. Becker etal. 1996b, 16: Halpern & Wang 1997,
PSPC+SIS0, 17: Meyer et al. 1994, Fig.2a wigh, = 1.18, 18:[Greiveldinger et al. 1996, Table 2, 19: Slane 1994, 20: Sun et al. 1996,
21:[Yancopoulos et al. 1994, 22: Manning & Willmore 1994, 23: Becker et al. 1996¢, 24: Verbunt et al. 1996, 25: Kulkarni et al. 1992, 26:
Fruchter et al. 1992, 2¥: Zavlin & Pavlov 1998.

the three pulsars of category A, for which both fits were accomwalue M = 1.4M, for the gravitational mass of a neutron
plished. star. Note that the relatively low surface temperature is caused
by the inclusion of the superfluid pair breaking and formation
process (Flowers et al. 1976, Voskresen&kbenatorov 1987,
7. Results and discussion Schaab et al. 1997), which was not taken into account in
the earlier investigations (elg. Umeda et al. 1994; Page 1995a;
Schaab et al. 1996). The standard cooling model without inter-
Fig.[d shows the surface temperature as measured by a dal-heating is consistent with most of the observations. A dis-
tant observer as a function of the star's age for the slowdyepancy occurs however for the effective surface temperature
cooling neutron star models with and without internal heatingf the Vela pulsar 0833-45 derived for a blackbody fit, which
These models are based on the non-relativistic equation of stateds to lie considerably above all cooling tracks. The effective
UV 14+UVII which account only for chemically equilibratedradius obtained for the blackbody fit, i 8. &~ 6 km, is consid-
nucleons and leptons (cf. Sdctl]5.1). We choose the canoniably smaller than the canonical value~oflOkm, generally

7.1. Standard cooling
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Fig. 3. Standard cooling with and without internal heating. Parametdfgy. 4. Enhanced cooling of neutron star models constructed for the
are: UVi4+UVII equation of stateM = 1.4My, andK = 10715 s. RHF8 equation of state. Other parameters are as ifJFig. 3.
See Tablg1 for the observed data.

obtained for standard equations of state. Therefore, the exisong magnetic field (Van Riper 1988). For middle aged pul-
tence of a magnetic hydrogen (or helium) atmosphere is memars,102 yr < 7 < 10 yr, heating due the PVB-pinning model
reliable and in agreement with the standard cooling scenahias only a small effect compared to the other uncertainties of
without internal heating. the input parameters.

The effect of heating of the crust due to thermal creep The other three heating processes possible in the crust,
of pinned vortices is shown by the dotted and by the shaitiven by drag forces, crust cracking, and chemical heating have
dashed curves in Figl 3 for the EB- and PVB-pinning modeip visible effect on the cooling, since the heating rates are too
respectively (see SeEL.B.1). The heating rate depenfis(see smallin comparison with the neutrino and photon emission rates
Eqg. [15]) and thus on the inverse of the magnetic dipole m(for the value of K used here). In the case of crust cracking
ment. The employed valuk = 10~1° s (see Eq[]5]) is in the our results are in contrast to the ones reported by Cheng et al.
rangel0~'6—10713 s about which the observed values tend t1992), where a significant effect especially during the late cool-
scatter, with the exception of the four millisecond pulsars whiéhg epoch has been obtained. This deviation can be traced back
will be addressed in Seft.¥.4. The effective surface temperattoelifferent expressions used for the heating rates (sedSéct. 4.1)
is increased in both models in a similar way, though the effect Electron-vortex scattering in the interior of the star affects
of the EB-pinning model is larger because of the larger pinninige stellar cooling at times in the rang@! < 7 < 10° yr (see
energy in the inner crust. The heating of the crust can easily®ig.[3). During this period the effect is comparable to the effect
recognised by the increase of the thermal diffusion time, i.e. by EB-pinning in the crust. Heating due to vortex decay at the
the amount of time needed for the cooling wave to reach tbrist-core boundary yields an increase of the surface temper-
surface|(Lattimer et al. 1994). After this time the surface tenaiure only for rather old pulsars (> 107 yr). It can not be
perature drops significantly. It is increased by a factordf0  constrained by any present pulsar observation, however.

(~ 10) in the case of EB- (PVB-)pinning. This characteristic
feature will become very interesting if the thermal spectrum 9f
ayoung pulsar < 100 yr should be detected. '

For T > 108 yr the slope of the cooling track is increasedrig.[4 shows the cooling behaviour of enhanced cooling models
by the heating of the crust. The observed upper limit of thvehich are based on the RHF8 equation of state. The surface
effective surface temperature of PSR 0950+08 seems to ndmperature drops by a factor of 6 when the cooling wave
out the EB-pinning model. Although consideration of a madpas reached the surface. The fast direct Urca processes are only
netic photosphere would decrease the slope again, compaippressed below the critical temperature of neutron and lambda
sation of the heating effect would require an unphysicalfyairing,:. ~ 2.0 x 10° K andT, ~ 1.6 x 10° K, respectively.

2. Enhanced cooling
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Fig. 5.Standard cooling with fully accreted envelope. Other parameteig). 6. Enhanced cooling with fully accreted envelope. Other parame-
are as in Fid.13. ters are as in Figl 4.

. . .. 7.4 Millisecond pulsars
The effect of heating on the cooling behaviour is similar as N hu

in the case of standard cooling. The EB-pinning model shoWse far we have investigated cooling scenarios associated with
again the largest effect on the surface temperature. a large rotational parameter, i.& = 107'° s (see Eq[]5]).
With the only exception of PSR 0630+18 (Geminga), thehis value is consistent with the bulk fraction of observed
effective surface temperatures of the pulsars of category A gugsars (cf. Tablel3). The four oldest pulsars, PSR 0751+18,
clearly not consistent with the enhanced cooling models, A318+42, 1957+20, and 0437-47, however have much smaller
matter whether one includes heating processes or not. This sigues arounds ~ 10722 s. As it was shown in Se€t.5.5,
crepancy can be reduced either by enhancing the gap enertjisscauses considerably different heating rates. In particular,
(Page 19954, Schaab et al. 1996) or by assuming an accrétedmechanism of chemical heating and crust cracking then
envelop. becomes efficient enough to noticeably influence the thermal
evolution. In Fig[Y we show the results for the various heating
mechanism in comparison with models without heating. Since
the late cooling behaviour (far > 107 yr) does not depend on
In Figs[B and B, we study the effect of a fully accreted envihie cooling scenario, we consider here only the standard cooling
lope, which means that the accreted mass exceetls "M, scenario. The model with chemical heating of the core shows
(see[ Potekhin et al. 1997 and SEci] 5.4). Due to the envel@psudden rise of the surface temperature at 106 yr. This is
consisting of light atoms such as hydrogen, helium and carboaused by the release of chemical energy through-tiecay of
the temperature gradient of the photosphere is substantiallymeutrons. This process is suppressed by superfluidity if the devi-
duced. This yields a high effective surface temperature in thgon from chemical equilibrium is smaller than the gap energy
neutrino cooling era, during which the energy loss rate deper{dsSec{. 4.2 and Reisenegger 1997).
on the internal temperature; whereas it yields small surface tem- All cooling tracks in FigLl are consistent with the uppertem-
peratures in the photon cooling era where the loss rate depepelisature limits of the three oldest millisecond pulsars. Only the
on the surface temperature itself. observation of PSR 0751+18 seems to exclude the EB-pinning
As it was already noted, the enhanced cooling models an@del. The situation changes however if one assumes that the
now in better agreement with the data of observation classaétual temperatures are not too far from the upper limits. Then
(see Fid.b). This is especially true for the surface temperatumedy the PVB- and EB-pinning models, as well as the chemi-
obtained within the magnetic hydrogen atmosphere model. Td@ heating of the superfluid core yield sufficiently high surface
enhanced cooling model with heating due PVB-pinning fits alemperature. A future temperature determination, which will
most perfectly these surface temperatures. set a firm lower limit on the temperature for one of these pul-

7.3. Accretion
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Fig. 7. Same as Fi§]3 but with various heating mechanisming Fig. 8.Comparison of the one and two dimensional cooling simulations
1022 s. The curves correspond to the models without internal heatifay the UV;4+UVII-model with inclusion of EB-pinning.

(labeld with A), with EB-pinning (B), PVB-pinning (C), crust cracking

(D), corotating core (E), chemical heating of the crust (F), and chemical 1/4

heating of the core (G), respectively. T (/1 ds 2s (e”T(G))4) (55)
eff = )
0

heres = sin §. The emission anglgis related to the colatitude

sars could therefore rule out at least the corotation and the cry Bty the equation

cracking models as the only heat sources in millisecond pulsars.

M/R :
. . . . 9(5):/ / du o0 1/2°

7.5. Two dimensional simulations Jo ((1 _ 2M) (%)2 — (1 — 2u)u? sin? 5)
In this section we relax the simplification that the heating rates (56)
are angle independent and extend our one-dimensional calcu-
lations of the previous sections to the two-dimensional casehereM andR are the neutron star's mass and radius, respec-
The averaging of the local heating rates over spherical sheilely. In flat spacetime, equation (56) simplifiesste- 6.
assumes that the heat conductivity is very high in transverse di- The effective temperaturE.¢ and the surface temperature
rection. This is indeed a fairly good approximation, as we shalbtained with the one dimensional code are almostidentical (see
see next by comparing the results of one dimensional calculatfig [8). This means that the luminosity obtained with both codes
with those of fully two-dimensional ones. The two-dimensionaire also identical. The results of the one dimensional codes are
code was developed recently by Schaab & Weigel (1998) (stlaus acceptable for a comparison with the observed data of cate-
Schaab 1999). gories B-D, where the upper bounds on the surface temperature

Fig[8 shows the obtained cooling tracks for standard cooliage derived from the respective luminosity. If one uses spectral
computed for the UY,+UVIl-model with inclusion of the EB- information as for the pulsars in category A, the observations
pinning model. Heating leads to a large temperature differersfeould be compared with the spectra derived from the surface
(up to 50 %) between the polé & 0) and the equatof(= 7/2) temperature distributiofi;(6) in the framework of two dimen-
for a pulsar whose age lies in the range < 7 < 10* yr. sional simulations. Nevertheless, we expect that the conclusions
Moreover the temperature drop at the equator is delayed fgynain unchanged if we use the effective temperature also for
the heating with respect to the model without heating and wishcomparison with the observed data of category A.
respect to the drop of the polar temperature. This is the result
of theh « sin # dependence for the vortex creep model. .

The surface temperature obtained with the one dimensior%édconduslonS
code can be compared with the effective temperature whichnsthis work, we have carried out a comparative analysis of the
defined by|(Page 1995b) impact of different competing heating processes on the cooling
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behaviour of neutron stars. In general we find that the interriak observed data already constrain the microphysical input, as,
heating yields significantly enhanced surface temperaturedafinstance, for the scenaria of heating via vortex creep.
middle aged and old pulsars, as one would expect. However, Tables containing detailed references to the ingredients used
the effectiveness of these heating processes varies significaintihe simulations, the observational data, and the resulting cool-
from one process to another, and depends sensitively on itig tracks can be found on the Web: http://www.physik.uni-
value of the rotational parametéf. muenchen.de/sektion/suessmann/astro/cool.
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