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Abstract—We construct a model for the magnetic-field evolution of an isolated neutron star by assuming that
itscoreisatypell superconductor and that the field penetrates the core in the form of magnetic lines (fluxoids).
We consider the fluxoid expulsion from the core and the field dissipation in a conducting crust. The magnetic-
field evolution is calculated self-consistently by taking into account the inverse effect of crustal magnetic line
bending on the fluxoid velocity in the core. We consider the evolution of two magnetic configurations, in which
the bulk of the magnetic flux passes through the neutron-star core and crust. The buoyancy of fluxoids and the
force from the neutron vortexes are mainly responsible for their expulsion from the core in the former and latter
cases, respectively. © 2001 MAIK “ Nauka/Interperiodica” .
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INTRODUCTION

The magnetic-field evolution of neutron stars (NSs)
has been the subject of much debate since the discovery
of radio pulsars. It is primarily determined by the con-
figuration of currentsinside NSs and by the conductive
properties of the layers, in which these currents are
located. The magnetic-flux conservation during gravi-
tationa collapse and/or the effect of magnetic dynamo
in aconvective proto-neutron star (Thompson and Dun-
can 1993) result in a uniform distribution of the mag-
netic flux over the NS and in the passage of its bulk
through the core. On the other hand, a magnetic field
can be generated in the outer-crustal layers of ayoung
NS after its birth under the effect of, for example, ther-
momagnetic instability (Urpin et al. 1986). In this case,
the bulk of the magnetic flux is confined to the NS crust
(seeFig. 1). Unfortunately, thereis currently no consensus
on the generation mechanism of NS magnetic fidlds.

Neutrons and protonsin the NS core are believed to
become superfluid at early cooling stages (Alpar 1991);
the superfluid core of the NSisinvolved inits rotation,
forming alattice of neutron vortexes (see, e.g., Shapiro
and Teukolsky 1983). The neutron vortexes are parallel
to the spin axis. As was shown by Baym et al. (1969),
protons form a type Il superconductor, in which the
magnetic field existsin the form of vortex lines, or flux-
oids (Lifshitz and Pitaevskii 1978). Each fluxoid carries
aquantum of magnetic flux @, = hc/2e=2x 10’ G cm?.
A fluxoid consists of a nonsuperconducting nucleus,
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with a characteristic diameter of the order of the proton
coherence length &, surrounded by the shielding cur-
rent of superconducting protons with sizes of the order
of the London length of magnetic-field penetration into
a superconductor, A, ~ 10~'2 cm. In atype Il supercon-

ductor, &/A, < 1/4/2. The magnetic fidd is B,=

Dy/Enr (L) = 1.9 x 10'9%,p,5In(A/&,) G inside
the fluxoid and falls off exponentialy outside the flux-
oid, with a characteristic length A, (Ding et al. 1993).
Here, x, is the proton-to-neutron density ratio in the
core, and p; is the density in units of 10> g cm™. By
the mean core magnetic field, we mean B, = ®n,,
where n, = 5 x 10'¥(B,/10'* G) cm™, is the number of
fluxoids per unit area.

The magnetic-field evolution in the core is directly
related to the motion of the fluxoids. The buoyancy
force (Muslimov and Tsygan 1985a, 1985b), the force
from neutron vortexes (Ding et al. 1993), and the drag
force (Harvey et al. 1985) act on the fluxoids. The
radia fluxoid velocity (and the magnetic-field evolu-
tion) in the core of an isolated NS under the action of
these forces was first calculated by Ding et al. (1993).
Jahan-Miri (1999) used the same model to calculate the
magnetic evolution of NSs in binary systems. These
authors determined the fluxoid velocity and the mag-
netic-field evolution in the core from the balance con-
dition for the forces exerted on fluxoids. The surface
field relaxed to the core field in the dissipation time of
the crustal currents, which is a parameter of the prob-
lem. However, as the fluxoid roots move, the crustal
magnetic lines bend, the magnetic energy outside the
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Core

Fig. 1. Two possible configurations of the NS poloidal mag-
netic field. On the left, the bulk of the magnetic flux passes
through the NS core; if the coreisatype |1 superconductor,
then the magnetic field penetratesit in the form of fluxoids.
On the right, the bulk of the magnetic flux passes through

the NS crust.
>

Fig. 2. Motion of fluxoids from position 1 to position 2. The
fluxoid roots are marked by ®.

core changes, and currents are generated in the crust.
Consequently, additional work needs to be done to
move the fluxoid root (Fig. 2). This factor was disre-
garded by Ding et al. (1993) and Jahan-Miri (1999).
Here, we cal cul ate the expulsion of magnetic flux from
the NS core, in a self-consistent way, by taking into
account this effect. We consider the evolution of the
two possible magnetic configurations shown in Fig. 1.
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STATEMENT OF THE PROBLEM

Alpar et al. (1984) showed that a magnetic field
comparable in magnitude to the magnetic field inside a
fluxoid is generated inside neutron vortexes. As a
result, fluxoids and neutron vortexes interact with each
other as they draw closer together, with the interaction
energy being E, ~ 10 MeV per intersection. The radial
velocity of neutron vortexes is determined by the spin-
down rate of anisolated NS; in turn, spindown is attrib-
utable to the losses of rotationa kinetic energy of an
isolated NS through the magnetodipole radiation and
the gjection of relativistic particles:

rk(t)Qq
vi(t) = — (D
where
2 6
k(t) = KS—Be(th )
3lc

Here, r istheradial coordinate, Q; isthe angular veloc-
ity of the superfluid NS core, Risthe NR radius, | isthe
moment of inertia, B, is the NS surface magnetic field
on the magnetic equator, and c is the speed of light. In
general, the coefficient K < 1 depends on theinclination
of the spin axisto the magnetic axis, on the spin period,
and on the magnetic field. For simplicity, we assume
that K = 1. We emphasize that Q, is not equal to the
observed angular velocity Q. of the crust. There are
three modes of relative motion of fluxoids and neutron
vortexes: fluxoids can move either faster than neutron
vortexes (forward creeping), or the velocities of both
types of vortex lines can be the same (comoving), or
neutron vortexes can move faster than fluxoids (reverse
creeping). The force exerted per unit fluxoid length by
neutron vortexesis given by (Ding et al. 1993)
_n 2P,prQy(t) (1)
f n np FM Bc(t) 1 (2)
where n, is the number of neutron vortexes per unit
area, Fy; = pxro is the Magnus force per unit vortex
length, p is the core matter density, k = h/2m, is the
velocity circulation quantum, and o = Q, — Q. is the
difference between the angular velocities of a super-
fluid core and a conducting solid crust. Depending on
the sign of , the force from neutron vortexes can be
positive (directed to the crugt, i.e., expels afluxoid out-
ward) or negative (directed into the NS, i.e., prevents
fluxoid expulsion).

The maximum magnitude of the force exerted by a
neutron vortex on afluxoid per intersection can be esti-
mated by using the formula f, = E,/A,. The Magnus
force acting on neutron vortexes is balanced by the
force from fluxoids. It thus followsthat |o| < o, (Ding
et al. 1993; Jahan-Miri 1999). In the forward creeping,
comoving, and reverse creeping modes, ® = o, |®| <
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0., and ® = —o,, respectively. Ding et al. (1993)
derived the following expression for o,

_ SomEymk
0y = 87%10 2xpocgrel( P)(—p)
mP mp

-1/2

x (BJ10” G) “In(A /) sin(2y) rad s,

Here, o, isageometric factor of the order of unity, rs is
the distance from the neutron vortex to the spin axis (in
unitsof 10% cm), my isthe effective proton mass, dmy =
m, — mg , and , is the angle between the spin axis and
the magnetic dipole axis. In our calculations, we
assume that x, = 0.025, m¥ =0.8m,, A, /5, = 1/,/2, and
sin(2y) = 1.

Apart from the force of neutron vortexes, the buoy-

ancy force acts per unit fluxoid length (Muslimov and
Tsygan 1985a, 1985b):

D, V1, (A
f, = (—-—0-) —-|n(—"), 3)
* " \4nr,) R, \E, (
where R, is the core radius. This force is always posi-
tive, i.e,, it tends to expel afluxoid from the core.

Finally, the drag force attributable to electron scat-
tering by the fluxoid magnetic field acts per unit length
of afluxoid moving at velocity v,,. Thisforceis propor-
tional to the fluxoid velocity and is given by (Harvey
et al. 1985)

2
f, = —=———-F, 4)

where n, isthe electron density in the core (we assume
it to be equal to the proton density), and E; is the elec-
tron Fermi energy. This equation for the drag force
remains valid when the collective effects during fluxoid
motion are ignored, which isjustifiable for B, < B,

According to Ding et al. (1993), the equation for the
fluxoid velocity can be written as

fn+fb+fv(vp) = 0. (5)

These authors also attempted to take into account
the force that arises as fluxoids bend. Allowance for
these forces gave rise to a coefficient of the order of
unity near f, in Eg. (5). Onthe other hand, Eq. (33) from
Ding et al. (1993), which relates the field evolution in
the core to the fluxoid velocity, explicitly implies that
the core field is uniform (i.e., the fluxoids are straight,
and their density is constant throughout the entire core).
We assume, for simplicity, that the fluxoids remain
straight as they move. Whether this simplification is
acceptable is discussed below. The magnetic field con-
centrated in the core of the fluxoids also passes through
the nonconducting crust. The crustal-magnetic lines,
bend as the fluxoid roots move (Fig. 2); consequently,
the forces exerted on a fluxoid do work as the fluxoid
root moves, which was not included in Eq. (5). A more
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consistent allowance for this effect requires that Eq. (5)
be replaced by

D j(fn+fb+fv)vpdl = jgdv+dﬂtf857idv. (©)
\%

fluxoids Veus

The left part of this equation represents the total
power of the forces exerted on fluxoids, the integration
is performed along the fluxoid length, and the summa-
tioniscarried out over all fluxoids. Intheright part, the
first integral is taken over the crust volume, while the
second integral is taken over the crust volume and the
entire space outside the NS. Assuming, for simplicity,
that the mean core magnetic field is uniform and substi-
tuting for al quantities their values at the crust-core
boundary, we can write the left part as (f, + f, +

f)v,(RINLL), where N, = 4nRZB,/®, is the total
number of fluxoids, and (| ) = 4R./3 isthe mean fluxoid
length. Thus, instead of the forces per unit length, we
introduce the total forces exerted on the fluxoids in the
core:

Froov = fnpyvX4R/3X N, (7)

We can also introduce a quantity that has the mean-
ing of the force acting on the fluxoid roots as they
move:

o _Af gy d(B
Fous(vy) = = [ .[ sV dt.[SndV]' ®)
V \

p

crust

If the fluxoids move outward (the velocity is posi-
tive) and if the magnetic energy in the crust increases,
then thisforceis negative; i.e., it prevents the motion of
the fluxoid roots toward the magnetic equator. Equa-
tion (6) can now be rewritten as

FotFy+ Fv(Vp) + Fcrust(vp) = 0. 9)

The magnetic-field evolution in a solid conducting
crust is described by the induction equation without a
convective term:

B _ 1
Fri 4an(GVxB), (10)
where ¢ is the crust conductivity. We study the mag-
netic evolution of NSs with classical magnetic fields
(10"-10" G). In this case, the crustal electrons are
nonmagnetized, and the conductivity is a scalar.

We consider the evolution of a poloidal magnetic
field with only a dipole component outside the NS. In
spherical r, 6, ¢ coordinates, in which the vertical axis
coincideswith the magnetic dipoleaxis, it isconvenient
to introduce avector potential A= (0, 0, A,), where A, =
S(r, t)sin6/r? = B, R*S(r, t)sin0/r, B, isthe NSfield on
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the magnetic equator at the initial time. Equation (10)
can be rewritten as
2
4__n08_s = Q.._S__Z_S (11)
2 at arz r2

The magnetic-field components are written as a
function of sas

B, = g—Scose By = _sneas
r? roor’

Thereisno magnetic-field dissipation in asupercon-
ducting core, and its evol ution is described by the equa-
tion

(12)

0B,

= = VX (V,xBy), (13)
which can be rewritten for S(r, t) as
Js _ Js
Pl ‘Vpar' (14)

The integrals in the right part of Eq. (6) can be
rewritten as

Ijgzdv %10(8_3_2_3) dr, (15)

6 2 2
Vcrus( Tc Rc ar r
3 | 59
VCI'LIS
d(27€. 17798V e
2 4 S S
R a%(:‘aj o3 (5)
Re R
ZBeo (R, t)
t j 5-av s(R 1) .an

va:uum

The conductivity in a solid crust is mainly deter-
mined by the scattering of electrons by impurities and
phonons. The scattering by phonons gives a mgjor con-
tribution to the conductivity at low densities and high
temperatures, while the scattering by impurities domi-
nates at high densities and low temperatures. We use
expressions for the conductivity from Itoh et al. (1993)
and Yakovlev and Urpin (1980). The frequency of elec-
tron scattering by phonons depends on the crustal tem-
perature; we take the time dependence of the tempera-
ture from standard NS cooling calculations (Van Riper
1991). The frequency of scattering by impurities does
not depend on temperature, but depends on impurity
density. The latter is characterized by the impurity
parameter Q, which has the meaning of rms deviation
of the nuclear charge from the mean. Unfortunately,
theory currently gives no definite impurity density in
the NS crust. We therefore calcul ate the magnetic-field
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evolution for various values of this parameter in the
range 0.01-1 and assume that Q does not depend on
depth and time.

For a uniform core magnetic field (r < R,), we can
write

v, = a(b)r, (18)
t

Be(t) = BeoeXp(—JOC(t')dt']- (19)
0

t) = Bo(t) 20

S(ra ) - Bco RCZ! ( )

where B, istheinitial corefield and a(t) can be deter-
mined from Egs. (6) and (10). The following boundary
condition must be satisfied at the NS surface (r = R):

as/or = —s/R. 21

Thefunction s/r> must remain finite at the NS center
(r — 0), which is automatically satisfied by Eq. (20).
Equations (7)—(9) simultaneously give the fluxoid
velocity and theinner boundary condition (atr = R,) for
Eq. (11).

We cal culate the magnetic-field evolution of aNS as
follows. Having chosen the initial core magnetic field,
theinitial s(r, t = 0) profile in the crust, and the initial
NS spin period P,, we specify the initial condition. In
addition, it is necessary to specify the density profilein
the crust, theimpurity parameter Q, the crust thickness,
and the NR radius. For our calculations, we use the
model of a 1.4M, neutron star constructed for the hard
equation of state by Pandharipande and Smith (1975),
the NS radius R = 16.4 km, the crust thickness 6R =
4200 m, and the moment of inertial =2.12 x 10 g cm?.

We assume that v, = v,,, where v, is given by Eq. (1).
Having specified a sufficiently small time step At, we
caculate s(R,, At) from Eqg. (20), i.e., obtain the inner
boundary condition for Eq. (11), and cal culate the evo-
lution of the crustal magnetic field in time At using an
implicit scheme. Thus, we obtain s(r, At) in the crust.
Next, we calculate the integrals (15)—17) and F,,, and
then F, and F, (v, = v,). Findly, we derive F, from
Eq. (9) and determine ® Us ng Egs. (7) and (2). If- -, <
o < o, then the fluxoids and neutron vortexes actually
move at the same velocity (comoving). If, alternatively,
o > O, or ® < -, then our assumption that the veloc-
ities of fluxoids and neutron vortexes are equa is
wrong: in the former and latter cases, fluxoids move
more slowly (forward creeping) and faster than neutron
vortexes (reverse creeping), respectively. If fluxoids
move more slowly than neutron vortexes, then we
assume that o = o,,. Next, we calculate F, = F (o)
from Egs. (2) and (7) and then find the true value of v,
astheroot of EQ. (9) intheinterval [0, v, ] by the bisec-
tion method. Otherwise (v, < v,), we assume that
o =-o,, caculate F, = F (-o0,), "and again find the
truevaueof v, in the interval [v,, =] from Eq. (9).
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Fig. 3. Evolutionary curvesfor (from top to bottom) the crustal magnetic field, the NS surface magnetic field, and the 6 field com-
ponent at the core-crust boundary; the vortex and fluxoid velocities; the force exerted on fluxoids; and the NS spin period.

Because of the losses of rotationa kinetic energy
through the magnetodipol e radiation and the gjection of
a reldtivistic particle, the evolution of the NS spin
period P can be calculated by using the formula

o _ BB

We repeat these calculations at each time step.

RESULTS

If the magnetic field of a star was enhanced during
collapse, then the bulk of the magnetic flux will pass
through its core (Fig. 1, left part). However, amagnetic
field can be generated in the surface layers of the
already-formed young hot NSs (Urpin et al. 1986). In
this case, the bulk of the NS total magnetic flux can
pass through the crust (Fig. 1, right part), and the mag-
netic field inthe NS crust will be much stronger thanin
itscore. TheVelapulsar may have such amagnetic con-
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figuration (Chau et al. 1992). Here, we study the evolu-
tion of both configurations of the NS magnetic field.

Inthe former case, we chose §(r, 0) = 1 astheinitial
condition in the crust. In this case, the crustal field is
initially radial, and the core field is equal to the field at
the magnetic equator. Figure 3 shows the evolution of
the magnetic fields, the velocities of the fluxoids and
neutron vortexes, the forces exerted on the fluxoids, the
NS spin period for B,, = B,, = 10> G, P, = 0.01 s, and
various values of Q. Irrespective of the specific value
of Q, the fluxoid velocity is initialy lower than the
velocity of neutron vortexes (forward creeping). The
duration of this stage depends on Q: the smaller the Q,
the shorter this stage. Thus, for example, fluxoids
move more slowly than neutron vortexes at Q = 0.01
during ~10° years, while the velocities of both types of
vortex lines become equal at Q = 1 in ~107 years. At
t < 10* years, the fluxoid velocity is virtually indepen-
dent of Q and isdetermined by the balance of F, and F,
[in EQ. (9), (F,, F,) > (Fy, Fu]. Inthiscase, F, >0
(expelsfluxoidsfrom thecore) and F, < 0. Att> 10* years,
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Dependence of log(te) on B and Q

Beo, G 12 13
0 10 10
1 8.15 8.6
0.1 9.15 9.6
0.01 10.15 10.6

neutron vortexes affect the fluxoid dynamics only
dightly, and the buoyancy force F, becomes the main
force responsible for the expulsion of fluxoids from the
core. A 6 magnetic-field component is generated in the
crust near the boundary with the core, which exceeds
the surface field by a factor of ~10. F.,, becomes the
main force that prevents the outward motion of flux-
oids, (Fy, F..) = (F,, F,), and the fluxoid velocity
depends on crust conductivity: the higher the crust con-
ductivity (the smaller the Q), the lower the fluxoid
vel ocity and the longer the time of magnetic-flux expul -
sion from the core. Thus, for example, the core field
at Q = 0.01 begins to decrease only after ~10° years of
evolution, while the NS surface field is essentially con-
stant over the lifetime of the Universe. At Q = 1,
the time of magnetic-field expulsion from the core is
~107 years. In this time, the fluxoid velocity becomes
equal to the velocity of neutron vortexes and subse-
guently exceeds it. At this instant of time, F, changes
sign and beginsto hinder the expulsion of fluxoidsfrom
the core. The fluxoid expulsion from the core ceases
when the buoyancy force F,, is balanced by theforce F,
from neutron vortexes. In this case, the fluxoid and vor-
tex velocities again become equa (comoving). For
the model of a NS constructed with the hard Pandhari-
pande-Smith equation of state (PS model) with theini-
tid magneticfield B,, = 10'? G, thisoccursonly for Q= 1.
At lower values of Q, this stage is not reached on the
Hubbletime scale. The time of field expulsion from the
core for Q = 1 is about 107 years, but the buoyancy
force is balanced by the force from neutron vortexes as
the corefield decreasesto 1.5 x 108 G. Inthis case, the
fluxoid and vortex velocities fall to 3 x 10-'® cm s1,
and the magnetic-flux expulsion from the core virtu-
ally ceases. Note that the NS surface magnetic field
follows the core field with a delay, because the time of
field diffusion through the crust in the NS model
under consideration is ~10%/Q years (Urpin and
Konenkov 1997).

In applications (for example, when modeling the
evolution of a population of neutron stars in the Gal-
axy), thefollowing analytic formuladescribing the evo-
[ution of the NS surface magnetic field can be of use:

B. = Bgexp(-t/ty) + B, (22)
where the characteristic decay time t, of the surface
field and the residual magnetic field B, depend on B,
Q, and NS model. We cal culated the magnetic and spin
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evolution of aNSfor B,, = B,, = 10** G aswell; the val-
uesof t. for various B,, and Q aregiven inthetable. The
residual magnetic field (~10® G for B,, = 10> G and
~107 G for B,, = 103 G) isreached only for Q = 1. In
the remaining cases, we may set B, = 0in Eq. (22).

We see from the table that the time of reductionin a
NS surface magnetic field depends not only on conduc-
tivity, but also on the magnetic-field strength itself. This
is because the buoyancy force is F, «< B, and because

theforce preventing the expulsionisF,, o< Bf . There-

fore, as the magnetic field increases, the fluxoid veloc-
ity decreases, and the time of magnetic-flux expulsion
from the core increases.

In Eq. (6), we disregard the force attributable to
fluxoid curvature. If the radius of fluxoid curvature is
comparable to the core radius, then this force will give
rise to a coefficient of the order of unity near f, in
Eg. (6), and the time of flux expulsion from the core
will also change by a coefficient of the order of unity;
our results will not change qualitatively.

The magnetic field of a NS may be generated in its
surface layer after itsbirth (Urpin et al. 1986). To mod-
el the evolution of such a magnetic configuration, we
chose the following initial condition in the crust:

3(r,0)={
(A-r’Ir)(A-R%Ird), if ro<r<R.

The s(r, 0) profile corresponds to the following
magnetic configuration: the core field is B, < B,,, the
crustal fieldisradial at R, <r < r,, and the currents that
produce the observed NS surface magnetic field B,
flow inther, < r < Rlayer. Thus, the initial condition
we chose models the magnetic configuration shown in
the right part of Fig. 1. The parameters are the initial
surface magnetic field B, the initial core magnetic
field B, the thickness z, = R - r, of the surface layer
where currents initialy flow, and the impurity density
described by parameter Q. Figure 4 showsthe evolution
of s. Specific values of the parameters are given in the
caption to the figure. On the one hand, thefield initially
localized in the crustal surface layer (left partin Fig. 1)
dissipates. In this case, it diffuses deep into the crust,
just asinthe case of evolution of thefield localized only
in the NS crust (Urpin and Muslimov 1992; Urpin and
Konenkov 1997). On the other hand, the magnetic flux
is expelled from the superconducting core into the
crust; a ©® magnetic-field component is generated near
the crust-core boundary (or ds/or), whilethefield in the
core S(R,, t) decreases. Thus, for example, at the speci-
fied model parameters, the surface and core fields
decrease by afactor of ~5in 107 years (curve 2) and dif-
fuse to a depth of ~2000 m. The magnetic-flux expul-
sion from the core virtually ceases by 108 years, and s
relaxes (curves 3, 4) to the state (curve 5) specified by
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Fig. 4. Initial s(z, 0) profile (1), where z= R - r is the
depth, and its evolution after (2) 107, (3) 108, (4) 10°, and
(5) 10'0 years for the magnetic configuration in the right
part of Fig. 1. The parametersare B,y = 10'2 G, By = 10° G,
Q=1, and z; = 1146 m. Here, B istheinitial surface mag-
neticfield, B, istheinitial core magneticfield, and z; isthe
thickness of the layer where currentsflow at t = 0.

the boundary conditions s(R,, t) = const and Eq. (21)
and by Eq. (11) for ds/dt = 0.

Figure 5 shows the evolution of the NS surface and
core magnetic fields, the NS spin period, and the vortex
and fluxoid velocities for B,, = 10> G, B,, = 10° G and
for various impurity parameters Q and z, = 1146 m (the
matter density at this depthis 10'® g cm3). Irrespective
of Q, thefluxoid velocity islower than the velocity of neu-
tronvortexesfor t < 10* years, whilefor t > 10* years, both
types of vortex lines move at the same Q-dependent
velocities. Thus, the effect of neutron vortexes on the
fluxoid dynamics in this magnetic configuration is
much stronger than that in the previous configuration.
This directly follows from Eqg. (2): the smaller the B,
(fluxoid density), the larger thef, (the force exerted per
unit fluxoid length by vortexes). The evolution of the
NS surface magnetic field is determined by dissipation
of the currents initially localized in a surface layer of
thickness z, and coincides with the evolution of the
magnetic field localized only inthe NS crust (Urpin and
Konenkov 1997) until all crustal currents dissipate.
Thisoccursin ~7 x 108 yearsfor Q = 1 (with B, = 103 G)
andin~7 x 10° yearsfor Q= 0.1 (with B, =3 x 107 G).
Subsequently, the characteristic evolution time of the
NS surface magnetic field coincides with the time of
magnetic-flux expulsion from the NS core, which
exceeds the age of the Universe.
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Fig. 5. Evolution of the NS surface and core magnetic fields,
the vertex and fluxoid velocities, and the NS spin period for
Beg =102 G, By =10’ G, and z,= 1146 m. Q= (1) 1, (2) 0.1,
and (3) 0.01.

DISCUSSION

We have investigated the expulsion of magnetic flux
from a superconducting NS core and its dissipationin a
conducting crust. In contrast to previous studies (Ding
et al. 1993; Jahan-Miri 1999), we performed self-con-
sistent calculations by taking into account the inverse
effect of a crustal magnetic line bending on the fluxoid
velocity in the core. We showed that, if the bulk of the
magnetic flux passes through the NS core, then the
buoyancy of fluxoids (Muslimov and Tsygan 1985a,
1985h), rather than their interaction with outwardly
moving neutron vortexes, is mainly responsible for the
flux expulsion into the crust. The flux expulsion time
can be determined from the balance of the buoyancy
force and the drag force exerted on the fluxoid roots by
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the NS crust. The higher the crust conductivity is and
the stronger the NS magnetic field is, the longer the
time of magnetic-flux expulsion from the coreis. Konar
and Bhattacharya (1999) calculated the expulsion of
magnetic flux from the core by using the hypothesis of
the so-called spindown-induced magnetic-field decay;
in this hypothesis, neutron vortexes are assumed to be
rigidly bound to fluxoids, and both types of vortex lines
move at the same velocities throughout the entire NS
evolution. We showed that if the bulk of the magnetic
flux passes through the NS core, then this hypothesisis
untenable.

It follows from the synthesis of populations of sin-
gle radio pulsars (Bhattacharya et al. 1992; Hartmann
et al. 1996) that the pulsar magnetic fields do not decay
in their lifetimes. Our calculations are consistent with
this conclusion: for all the values of B, and Q consid-
ered, the surface field decay time exceeds the lifetime
of radio pulsars (10’-103 years). For the model param-
eters to be determined more accurately, the results of
calculations must be compared with the fields of NSs
that passed the accretion stage in close binary systems.
To perform such calculations requires that the effects
associated with the crust heating by hot accreting mate-
rial and with the emerging flow of accreting matter
through the crust be included in the model. Both these
factors can reduce the dissipation time of the crusta
currents and the force F,.

The effect of neutron vortexes on the fluxoid
dynamics is much stronger for the other possible mag-
netic configuration, when the bulk of the magnetic flux
after the birth of a NS passes through its crust. In this
case, however, the evolution of the observed NS surface
magnetic field during the entire lifetime of the radio
pulsar is entirely determined by crustal current dissipa-
tion. It coincides with the evolution of the field main-
tained by the currents that flow only in the NS crust.
The evolution of such magnetic configurations was
studied, for example, by Urpin and Muslimov (1992)
and Urpin and Konenkov (1997).
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