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Rapid dissipation of magnetic fields due to the Hall current
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We propose a mechanism for the fast dissipation of magnetic fields which is effective in a stratified medium
where ion motions can be neglected. In such a medium, the field is frozen into the electrons, and Hall currents
prevail. Although Hall currents conserve magnetic energy, in the presence of density gradients they are able to
create current sheets which can be sites for efficient dissipation of magnetic fields. We recover the frequency
wpy for Hall oscillations modified by the presence of density gradients. We show that these oscillations can
lead to an exchange of energy between different components of the field. We calculate the time evolution, and
show that magnetic fields can dissipate on a time scale of ordgfL/ This mechanism can play an important
role in magnetic dissipation in systems with very steep density gradients, where the ions are static such as those
found in the solid crust of neutron stars.

PACS numbgs): 52.30.Bt, 47.65ta, 97.60.Jd

I. INTRODUCTION The modified Hall frequency that we recover below,

wwmy s occurs in a stratified medium when the ions remain
Rapid dissipation of magnetic fields is currently one ofstatic. Two examples of such situations are penetration
the key problems in astrophysics. On account of the genetvaves in low collision plasmas relevant for plasma switches

ally large electrical conductivities that are obtained in astrol6l: E_md neutron star crusts. In the case of penetration waves,
the ion response time is long compared to the wave time

physical settings, the Ohmic dissipation of fields usuallyscale and the ions are approximately static. In the case of
takes place on very long time scales. However, it is quite ’ PP y '

often observed that astrophysical magnetic fields change t&e_utron_star crus_,ts, _the lons form avery high %gnsny_lgttlce
pology on a very short time scale, giving rise to a variety ofOf iron rich nu,cgle" with densities varying fror 10°g/cm .
transient phenomena. An explanation of such fast changesE ~1Q“g/cm under 0.8 km(7]. In bth cases, the field
crucial to the understanding of solar activity, in particular, ynamic IS gov_erned b_y the elec_tron drift motion. :
solar flareg 1], and other active phenomena observed in stars In “?? followw_lg sections, we discuss hov_v H‘?‘" c_urrents in
[1,2]. It is also known that fast reconnection of magnetica stratified medium can generate fast dissipation in the non-

fields is basic to the operation of nonlinear dynarf&is linear regime. In Sec. Il, we describe the linear Hall oscilla-
If a current sheet is formed in a plasma, the reconnectiohions: and discuss how poloidal and toroidal fields exchange

takes place slowly due to the time scale for the removal OE‘Fnergy during these oscillations. We also recover the modi-

matter from the site of reconnection, as in the Parker-Swe {eql H_aII frequency f_or a strat|f|e_d medium. We Q'SCUSS the
mechanism[4]. Indeed, if the dissipation in the current Imitations of the oscillatory solutions about a stationary con-

sheets were to be fast, with the field moving with Alfve f|gL:_rat|on n S]?c. ”It'. Wef arlgue that Im generatl_ tr}grlz IS nod
speed toward the current sheet and becoming dissipated theskg1 lonary configuration for farge scalé magnetic fields, an

due to reconnection, then the matter that is frozen into thé at current sheets develop. The oscillations can occur only

field would also move with the same speed toward the sheet.loca"y’ i.e., on small scales. In Sec. IV, we show that the

The plasma would, therefore, accumulate at the sheets aﬁ‘aagnetic field evolution i.S governed by a nonlinear_ equation
halt the reconnection, unless there is some efficient evacu Imilar to Burgers equation. We solve the evolution for a

tion process operating at the sheet. The sheets are usua oidal field configuration numgrica}llyz an_d S.hOW .th.at cur-
narrow and the outflow is rather inefficient, even if it takes' nt sheets develop and magnetic dissipation is efficient. The
place at Alfver speed5] ' dissipation time scale is-1/wy . We describe numerical

We propose a mechanism of fast dissipation of magneti(’f"OIUtions for two configl_Jrations: a tgroidal magr)eFic field of
fields that occurs at modified Hall frequencies. The mecha?"® pqlanty,l and a t9r0|dal magnetic field consisting of two
nism is relevant in all situation when Hall currents predomi—OppOS'tely d'lrected fields. We show th‘."‘t the'se'ﬁelds evolve
nate, and there is a density stratification. In this case, th ward forming current sheets that r_ap|dly d|5$|p_ate. In Sec.
magnetic field follows théelectrig drift velocity of the elec- , We re!ate the dynam|cs_of tor0|d_al fields W'th .thfat of
trons. In the presence of density gradients, the profile of th oI0|_daI f|elds,_ and summarize the d'ff9fe”t possﬂ;ﬂmgs of
magnetic field changes in such a way that it forms a curren € field ?VOIUUO”' W? close by_ d|scus§|ng the application of
sheet. This steepening of the frontrist accompanied by the this physical mechanism focusing particularly on the case of
flow of plasma toward the sheet, the drift velocity being neutron star crustéSec. V).
parallel to it. Consequently, the current sheet is formed, and
the field is efficiently dissipated with no accumulation of
material, in contrast to the Parker-Sweet reconnection Consider the magnetic field evolution in the case where
mechanism. the motion of ions can be neglected. This is the case for

II. LINEAR OSCILLATIONS
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neutron stars’ solid crusts. We will consider coII|S|onaI(k =0 because of axial symmeirywe find, substituting 3
plasma. Then, the field evolution follows from Ohm’s law, for 7—0,

) 2
@ o= = K @Ik ®)
@p

1
E+ -V XB],
c

iy
VXB=—o
C

wherev, is the electron velocity. As the conductivity is usu-
ally high, the left-hand side of Eq1) can be neglected,
resulting in

wherew,=eBy/mc is the electron cyclotron frequency, and
o, is the plasma frequency. We have thus recovered the well
known Hall oscillations or whistlers. Note that evenhi
1 =0 initially, i.e., the toroidal component is absent, it will be
E+ —v,XB=0, 2 generated, reaching the level of tliperturbed poloidal

¢ component; thus the energy will be exchanged between the
poloidal and toroidal components.

The situation is different if the large scale background
field is toroidal, i.e.,Bo={0,B,,0}. Then a perturbation of
the form of Eq.(5) would not result in oscillatior(6), be-

B cause k- w.)=0.
— =VX[VeXB]-VX75pVXB Let us now recall that the density is not a constant, but,
ot rather, it has a steep dependencezoBy including the spa-

corresponding to the electric drift of electrons.
TakingV X of Eq. (1), we recover the induction equation,
with the Hall effect,

tial dependence of the density in E), we recover the Hall
-VX5VXB, (3 frequency modified by the presence of density gradients:

C
=—VX (—[VXB]XB

. . . K-[weXV 2
where 7= c?/4mo. Equation(3) results in the following en- w:wMH:M_ 7)

2
ergy balance: wph

190 ) ) Note thate, is a pseudovector, and therefore the frequency
57t B dV:—f 7(VXB)“dV. (4 wyy is a real scalar, as it should be, just ag is a real
scalar as well; see E). The phase velocity corresponding
In order to describe the evolution of the field in a stratified!® EQ. (7) can be written as
medium, we consider an axisymmetric magnetic field, which
can be expressed as the sum of poloidal and toroidal compo-
nents: VYMH= — w_,ZJ

2[Vn
— X,
n e

: ()

B=B,+B:. and wypy=Kk-vyy . A similar case is known in low colli-

T . sional plasmas, where the corresponding wave is called mag-
In order to simplify the geometry we assume that the radiu P P g 9

. . etic penetration wavgs].
of the starR, is large compared to the wavelengths involved, The wave described by Eq&?) and (8) corresponds to
such that we can work in Cartesian coordinates on the sur-

f f here. We defineand v axes in the horizontal only toroidal perturbations due to the chosen initial configu-
ace ot a sphere. We detineandy axes in the honzontal o044 |n this special case there is no poloidal field initially,
plane as the latitudinal and azimuth@ngitudina) direc-

tions, respectively, while is the vertical direction. Then the and no energy exchange occur between toroidal and poloidal
>, TESPEClvEly, wh ' components. However, in general the two components are
poloidal field is described by

present and this exchange does take place. In order to see
this, let us return to the large scale poloidal fiel}
={B,,0,0}, taking into account that the density is a function

of z. We look for solutions of the linearized equations in the
form

Bp=1{Bx(x,2),0B,(x,2)},
while the toroidal field is given by

Bt_{O’By(XvZ)iO}' bz{aza(z),by(z),—ikxa(z)}e_i“’”ikxx, (9)
If the resistivity » can be neglected, which is justified in
highly conducting media such as neutron star crusts, then t
magnetic energy is conserved, according to &q. There- 2
fore, all that happens to the magnetic field asillations o (Kawp)c”

’ . : . wa= —( ks —d,d,)a. (10
about a stationary configuration. wp

Consider, for example, an initial poloidal field,
=1{B,0,0}, whereBy, is a constant background field. Assum- In order to estimate the frequency, consider two zongs
ing first that the density is also constant, and consideringsz<z,, with densityn,, andz;<z<0 (z=0 is the top of
small perturbations of the magnetic field of the form the crust, with densityn,, and|z,|=h,, andz,—z,=h,,
h, , being the scale hight in these two zones. Assuming that
b=be 1ttiketikz (5  n,>n; andh,>h;, we obtain

h%f' Eq. (5). Then we obtain the following dispersion relation:
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7 |(K- wg)|c? It can be seen from Ed14) that thex component of the
= —: |k + 1/h,], (11)  velocity is nonvanishing, due to the vertical gradient of the
@y, density. Note that both the density gradient and the gradient

of the resistivity, are negligible in thex direction, and the

wherew,, is the plasma frequency based on the densjty . component defined only by the resistivity gradient is also
Note that ifk,<1/h, (large horizontal length scalethe fre-  small. Since any toroidal field should vanish at least at the
guency is essentially the sameag in Eq. (7). Thisis the  two poles, there is always a latitudinal dependence of the
main characteristic frequency of magnetic fluctuations in theoroidal field, that is to say thd, is always a function ok.
crust due to the steep density gradient. As seen from{(®g. Hence, according to Eq13), the toroidal magnetic field can
this mode does involve both poloidal and toroidal compo-never attain a stationary state. In other words, the electric
nents. field cannot be irrotational, as in E(L2), and its nonpoten-
The most general case involves nonlinear coupling betial part results in the time evolution of the magnetic field.
tween the poloidal and toroidal fields. Qualitatively the same Note that in infinite space Eq13) conserves magnetic
situation will take place: if we start with a poloidal field, flux,
supported by the currents in the crust, a toroidal field will be
generated. The current velocity is toroidal, and, according to
Eq. (3), the toroidal field is stretched out from the poloidal,
analogously to the effect of differential rotation. However, ) o _
unlike the latter, the Hall current conserves the energy, anfut the magnetic energy is dissipated according to
therefore the new toroidal field will grow at the expense of 14
the _poI0|c_JIaI f|_elq. In other words, while the_strength of the h _f B2dxdz= _f n(VB,)%dxdz (16)
toroidal field is increasing, that of the poloidal component 24t Y Y
should decrease; see, e.g., R&f. Of course, the toroidal o ,
field cannot grow indefinitely under these circumstances, an@hich is a particular case of E¢h). .
eventually the field will either reach some steady state, or the ©ON the other hand, for a real toroidal field which should
poloidal and toroidal fields will exchange their energies, osVanish at the poles, i.e., at=+ 7R/2, the magnetic fluxs
cillating with frequencywy,,, . Note, however, that including N°t conservedindeed, according to Eq13),
dissipation may drastically change the situation, and, in some 1
cases, discussed below in Secs. Ill, and IV, the field will __J' Bydxdz:f 79,By(x=mRI2)dz
rapidly dissipate instead of oscillate. 2 ot

f Bydxdz=const, (15

Ill. PROBLEM OF STATIONARY STATES —J 7By (X= — wRI2)dz. (17)

This simple picture of oscillations implicitly assumes that . : . . I
they proceed about some stationary state, which presumaté}“e right hand side gives a considerable contribution when
exists. The large scale background field considered abo urrent sheets are formedat + wR/2.
was uniform and trivially stationary. We will show that, in
general, the large scale field is not stationary but evolves V. TOROIDAL MAGNETIC FIELD EVOLUTION:
with time. FORMATION OF CURRENT SHEETS

It is clear from Eq.(3) that the stationary state is possible

. . . : A. Analytical and numerical solutions
if, neglecting diffusion,

In order to study the evolution of the field, according to

c Eqg. (13), we reduce this equation {meglecting the resistiv-
Zonel Y XBIXB=VQ, (12 ity gradient, and resistive diffusion in thedirection
that is, the electric field is potential. We will show that con- b+ boxb=ndxdyb, (18
dition (12) does not trivially occur even for extremely simple \yhere
topologies, due to the gradient of the density. Indeed, con-
sider an initial configuration consisting only of a toroidal cd,n
field. b=Byp, p= yp—g (19

Equation(3) for a pure toroidal field can be written as
This is, in fact, the Burgers equation, the exact solution of

9By +0xdxBy+v,0,B,= nV?B,, (13)  which is well known; see, e.g., RdD]. First, let us illustrate
a solution in the form of a traveling shock wave,
where
(x—bgt)b
~  Cdyn ~ cdyn b=bg l—tanf{% , (20)
UXZWBV—(S’X??, UZ:—mBy—ﬂzﬂ. (14 n

S _ whereb, is a constant; cf., e.g., R€6,10]. The penetration
If we neglect the resistivity in this expression, we recover theyave (20) does not decay because the magnetic field is
penetration wave velocit{8), V—vyy as 7—0. pumped into the system fromoc. Therefore, it is more ap-
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FIG. 1. Evolution of a magnetic field of single polarity in the crustal region of a neutron star, as it approaches a polar region. The equator
is located at zero latitude, and the tirhis expressed in units of the turnover tirg given in Eq.(27).

propriate for our purposes to use the general exact solutiortated by the dashed line. The field profile starts to steepen in

which we recover by using the transformation very few turnover time steps, and moves toward the polar
region. Note that the magnetic field in Fig. 1 is not pumped
b=-2ndIné (21)  into the system:; cf. E(20). Therefore, unlike the traveling
_ wave (20), as the magnetic field spreads its amplitude de-
to obtain creases, keeping the magnetic flux conserved and, thus, the

same area under each curve; see @&). As a result of
o0 1 ~ =AM (1= 0 %' 2)dx’ decreasing magnetic field, the process slows down, because
. (47777t)1/2e ¢(t=0,x",z)dx". the penetration velocity8) is proportional toB, and, there-
(22) fore it decreases as well.
In infinite space, both the shock way20) and the solu-

Generally, the toroidal fiel@, is a function of bothx andz, ~ tion depicted in Fig. 1 do not result in a dissipation of mag-
and, since the-dependence enters only parametrically intonetic field, anq the_ magnetic flux is conserved accord!ng to
Egs. (18) and (19), the solutions21) and (22) can be used Eq. (15). The field is only spread out. However, for a finite
for each levelkz= const. case such as that of a star, the boundary conditions at the

To illustrate the time evolution of the magnetic field, we Poles forces the field to go to zero. When the shock wave
demonstrate the following two cases. In the simplest Caser,eaches the pole, a current sheet is formed and the field starts
we assume that the toroidal magnetic field does not chang® dissipate according to E¢17). Eventually, the magnetic

sign. Then the horizontal velocity, is expected to drive the flux goes to zero. o .

field to one of the poles, either to the south or to the north In order to see this d|53|paf[|on at a zero point, we _proc_eed
depending on the sign of the field. The gradient of the field® (€ second example. That is, we consider the toroidal field
steepens, as in a shock wave, thus forming a current sheé:than.gmg sign ak=0. It is stralghtforward. to construct a
where the magnetic field is finally dissipated. In the seconéblunon' analogous to the traveling wai@9):

case, consider two toroidal fields with opposite polarities in

the two hemispheres. The toroidal field vanishes at the equa- b=—b tam{x—bo] 23)

tor. We then expect that the two toroidal fields can be driven 0

27

by the latitudinal velocityv, toward the equator, where the
current sheet is formed, and the fields are efficiently deSimilarly to the Parker-Sweet solutiddt], a magnetic field
stroyed. of opposite polarities is transported fram- = with “ve-

The integral in Eq(22) was calculated numerically, and locity” *bg, and is dissipated at=0. The solution is sta-
then the distribution of magnetic fieBl, was recovered from tionary because the boundary conditions a@g(x— =)
Egs. (19) and (21). Let us discuss the first case where the— *b,/p; see Eq(19).
toroidal magnetic field does not change sign. Its evolution is In Fig. 2 we display the evolution of a toroidal field with
depicted in Fig. 1, where the initial field distribution is indi- opposite polarities in each hemispheres, &yix=0)=0.

§=
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FIG. 2. The evolution of magnetic fields of opposite polarities in the two hemispheres. In this case, the two fields approach each other
to form a current sheet at the equator, where the magnetic energy is efficiently dissipated.

The field also vanishes at the poleéB,(x=*7R/2)=0, considered are nonstationary due to global eff¢lite the
which makes the solution evolve in tinfagain, in contrast boundary conditions at the pojeand not locally unstable

to the infinite space cageHere the two fields are com- like the case of vorticity and magnetic turbulence. In addi-
pressed into each other, and form a sharp gradient of magion, in the case of magnetic turbulence, the characteristic
netic field at the equator. Note that the total magnetic flux igrequency coincides with the Hall oscillations frequefEy.
zero and, of course, trivially conserved. As to the magnetid6)], which is smaller tharwy, from Eg. (7) for situations
energy, it decreases dramatically because of the very effivith shayp density gradients. Therefore, our mechanism is
cient Ohmic dissipation at the equatorial region. In this re-more efficient.

gion, a current sheet is formed in practically only one turn- In magnetohydrodynamics, fast reconnection encounters

over time, and the field dissipates on the same time scale. A(Aifficulties [1] because the rapid transport of magnetic fields

analytical estimate of the dissipation time is given in Sec.tOWarOI the current sheet, where the energy is dissipated, is

2o oo : accompanied by a plasma movement in the same direction.
:;/.Eo gf?ilgztr:?tes why the dissipation observed numerically The evacuation of matter from the current sheet limits the

rate of reconnection: as matter accumulates the pressure in-
creases, eventually halting the movement of the magnetic
B. Physical interpretation of the mechanism field toward the current sheet, thus preventing further recon-
o ) nection. The speed of the evacuation is limited by the Alfve
_ In order to develop a physical interpretation of the solu-ye|ocity in a narrow current sheet. In our mechanism, we do
tions at?o"?’ we draw a few analogies. Th? equation for th(ﬁot encounter this difficulty, becausg does not transport
magnetic field Eq. (3)] resembles the vorticity equation for the mass. Indeed, according to E6k8) and(19), there is no
incompressible hydrodynamics with high Reynolds numbers, 4y from the current sheet: the magnetic field is trans-
Therefore, the modified Hall drift should lead to a situation orted onlv to the sheet by the penetration velogity This
analogous to a magnetic turbulent stgté]. Another inter- E evident ¥rom the exact )s/olutic(pQB) ity
pretation of our solutions is the nonlinear interaction of dif- ™= | " ~-4- '+ "\ nderstand why the modified Hall drift or pen-
ferent wave number Hall oscillations resulting in an energyey,

i ; ation velocity does not transport any mass, we first note
cascade to small scal¢$2]. As a result, the field gradients that, generally, the penetration velociB) is not parallel to

steepen, and we obtain an enhanced local rate of Ohmic digre electric drift velocity(2). So the question arises of why
sipation which provides an effective mechanism for the disthe magnetic field is moving in the direction of the penetra-
sipation of magnetic energy. tion velocity in the first place. The answer is illustrated in
These analogies, although helpful, cannot be taken comgig. 3. For simplicity, we choose to illustrate a field that
pletely due to the topological constraints on magnetic fieldsdepends only on the coordinate/as in Eq.(23)]. The elec-
For instance, since the magnetic structures are frozen into theic drift of electrons[Eq. (2)] can be easily found from
electron fluid, they are generally more persistent than vortiAmpere law,
ces in hydrodynamics. The topology of magnetic field cannot
be easily changed, a situation similar to what one obtains in
magnetohydrodynamids3,13]. The magnetic structures we

Vo= VXB, (24)

~ 4mne
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———.t=0 coinciding with characteristic length of both Eq20) and

(23). Recall that the penetration velocity, is defined in Eq.
(14), and, in a more specific way, in E(B).

It is known that the time scale of magnetic dissipatigp,
is entirely defined by the velocity with which the magnetic
field is moving to the current shegb]. As seen from the
exact stationary solutio(®3), this speed is in effect the pen-

etration velocityv, . Therefore,

’ v to=L/vy, (27)
7 L being the macroscopic latitudinal scale. It is useful to con-
firm this dissipation rate estimate analyzing the energy dis-
' ' sipation directly from Eq(16). That is, we estimat&¥ B, in
X Eqg. (16) asB, /4, and the area occupied by the current sheet
f f is Ss=6L. Then, from Eq.(16) we obtain,
M o BZ Bz
FIG. 3. Origin of the penetration velocity. The magnetic field t—yL2~ —ZS(;, (28)
evolution is depicted on the top of the figure. The direction of the 0 o

field is out of the page. The drift velocities corresponding +d) . . .
are depicted with double arrows. It can be seen that the field profild/@m Which to is recovered as in Eq27). Note that the

steepens during the evolution due to the vertical change in the drifdissipation tim¢ Eq. (27)] is independent of the resistivity,
velocity. The drift proceeds in a vertical direction, and, therefore,and therefore the process considered here is fast. This ex-

there is no accumulation of matter at the current sheet. plains why the dissipation is so efficient in the numerical
results shown in Fig. 2.

We finally note that the efficient dissipation depicted in
Fig. 2 proceeds when the penetration velocities of the two
toroidal fields point to each other, and therefore they collide.
If we change sign of magnetic fields, then, according to Eq.
V.nve=0. (25  (8), the penetration velocity changes its direction, and, as a
result, the two toroidal fields would not collide, but instead
ggft to the polar regions, where they will eventually decay.

and, clearly, it proceeds in theertical direction(depicted by
double arrows in Fig. B It follows from Eq.(24) that

Due to the density gradient, the plasma becomes compress
as it moves down, and the descending motion decelerates,
follows from Eq.(25). As a result, the magnetic field ampli-

tude increases. On the other hand, the ascending motioni
accompanied by a decompression of plasma, and corr

spondingly, the field amplitude decreases. As a result, the

field profile steepens, as if there were a motion of plasma V. EVOLUTION OF THE POLOIDAL FIELD

toward the current_ sheet, that is in _therizqntaldirection. In Figs. 1 and 2, we have shown the solution of our nu-
However, as mentioned, the real drift motion proceeds pargerica) calculations for the evolution of toroidal fields with

allel to the sheetin the vertical direction and therefore qigterent initial profiles. Since the toroidal and poloidal fields

there is no accumulation of matter in the sheet. These Ciryo ooy pled through nonlinear oscillations, we expect the dis-

cumstances make the fast dissipation of a magnetic field pog;pation of toroidal fields to cause the eventual decay of the

sible. . . poloidal field. The exact evolution of the poloidal field is a
As mentioned above, the penetration wafs.(7) and  parger problem to solve at this stage, and we leave it for

(8)]is known to propagate as a shock wave in low collisional e studies. Below, we only discuss the expected qualita-
plasma[6,10]. Due to the conservation of the magnetic flux, tive behavior of the poloidal field.

[Eq. (15)], either the magnetic field is only transported by the A5 \ye saw in Sec. II, the linear oscillations exchange

shack wave[Eq.(ZO)]_or It just dl_sperses to |nf|r_1|ty. Only the .energy between the poloidal and toroidal components. In
presence of zero points result in the destruction of m""Qnet'gther words, an initial poloidal field would generate a toroi-

flux. This happens either at the poles, or between two shoCg,| gne. The generated toroidal field could have the nonlin-
waves with opposite magnetic fields that collide. The colli-g¢ eyolution depicted on either Fig. 1 or 2. In the case that
sional front width of the shock wave coincides with currenty, e generated toroidal field is in the configuration of Fig. 1, it

sheet thickness. Indeed, the balance between the convectiyp) |4 slowly drift to the poles. We expect that, in this case
and resistive terms in EG13) appears in a current sheet of one \would observe oscillations, because the dissipation is

thickness, inefficient.
Consider now the case when the toroidal fields are gener-
7 ated with the configuration as in Fig. 2. In order to follow
5=—, (26)  this generation in the nonlinear case, we write, according to
Ux Eqg. (3),

mentioned above in Sec. IV A, the latter process is much
ess efficient because the magnetic field strength decreases as
ge fields move to the poles, as seen from Fig. 1, and there-
ore the penetration velocity decreases.
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c and, because the Hall current conserves the total energy,
FneJyBx>u (29 [(B3+B2)dV, the back reaction of the toroidal magnetic
field on the poloidal component can be expressed analo-
gously:

an AN
Y gz\ amnelvP?) T ax

where
Jd

(30 at

Seeking solutions-e”!, we find a dispersion relation:

is the azimuthal current. Note that, for neutron star crusts, the
density gradient in the radial direction is extremely steep in _ 1 + 1 2
the crustal regions, spanning some nine orders of magnitude 2t 2tg
over a distance of a few hundred meters below the surface.
The variations of other quantities in E@9) can therefore be It can be seen from E(35) that the decay time for the
neglected, to obtain poloidal component is also of the ordertgf To summarize,
we can delineate three regimes for magnetic fields in the
crusts of neutron stars:
y=—iyBs— —— ——j,B,. (31) (1) The currents supporting the fields in the crust are an-
Jz4mne 4men chored in the core, i.e., no currents in the crust. Then there is
no Hall current(by definition, and no evolution of the fields

It is evident from Eq(31) that the toroidal field can always related to the processes we described here. _
be generated due to the sharp density gradient, unless the (2) The currents or part of the current are situated in the
poloidal field in the crustal region is current free. If, indeed,crust. Then the poloidal field inevitably generates toroidal
the field is anchored in the cofeneaning that the currents fields, which, depending on the sign of the initial poloidal
supporting the field are confined thgrthen there is no Hall f|eld., may result in either penetration velocity pushing thgse
current present. At present, the locus where the field is arforoidal fields apart or pushing them together. In the first
chored in neutron stars is a matter of debate with no clea$@se. the dissipation is less efficient, being limited to slow
resolution(see, e.g., Ref§7,14)). de<_:ay at the polefFig. 1). Although_ sI0\_Ner than the equa-

If we assume that part of the current supporting the fieldorial case, the decay at the poles is still faster than the gen-
is present in the crustal layers, then the toroidal field will be€ral Ohmic decay. o
generated from the poloidal field by the process outlined (3) In the second case, when the toroidal fields are pushed
above in Eq.(31). On the other hand, the total magnetic t_ogether as in Fig. 2, we expect both toroidal and poloidal
energy is essentially conservégpart from weak Joule dis- fields to decay according to E(B5). _
sipation, which means that the newly generated toroidal Note thatin any of the above cases there would be oscil-
field would result in a back reaction on the poloidal field in lations on scales small compared with the radius of the star
such a way that the energy of the latter is decreased. In thé€-, in the geometric optics limit with frequencywy, .
absence of Ohmic dissipation, the toroidal field would growhese oscillations in general will decay with Ohmic decay
to a certain level, and then start to decrease, thus presentitige-
an oscillatory behavior, as described earlier at the end of Sec.
1. If we incorporate Ohmic diffusion into the nonlinear case, VI. DISCUSSION
both the toroidal and poloidal fields should eventually decay.

. Bp=—wmnBy. (34)
Jy:&_ZBX_ &Bz

d c cd,n
—B
at

Again, in the case of Fig. 1, the toroidal fields would Magnetic fields are an important feature of neutron stars
' ' _since, together with the rapid rotation of the star, they deter-

slowly drift to the poles and we expect to observe oscilla->". o o
tions, because the dissipation is inefficient. In the case of Fignin€ the characteristics of the pulsar emission. The source of

o 5
2, the toroidal field is efficiently dissipated and consequently® Wide range of magnetic field strengths 10°-10° G)

according to Eq(4), both the poloidal and toroidal fields associated with neutron s_tars is yet to be well _understood.
decay. Indeed, the Ohmic dissipation is now increased due tb€ Seven orders of magnitude span may be attributed to the

the presence of current sheets, so that(Bgcan be written different environments in which neutron stars are present:
in the form ’ from isolated objects to accreting members of a binary sys-

tem. This range could also be the result of different condi-

tions at the time of birth of neutron stars, such as the gravi-
}ﬁ Bzdvz_if B2dV (32) tational collapse of the progenitor massive star or the
2 gt to v accretion-induced collapse of a white dwdff4]. In any

case, the very high electrical conductivity renders the Ohmic

In order to follow the evolution of the poloidal field, we decay inefficient, with a typical accreting of the order of

introduce efficient dissipation discussed above into@d),  Pillions of years. If neutron star fields decay over their ob-
to obtain servable lifetime, an alternative decay mechanism is neces-

sary to explain this behavior.
B One of the uncertainties concerning the evolution of neu-
By= wmnBp— - (33  tron star magnetic fields is their location in the stellar inte-

at to’ rior. Should the field be a fossil remnant left over from the
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progenitor star, it could permeate the whole body of the neuk follows from Eq. (36) that the currents are much stronger
tron star. On the other hand, if the magnetic field is generateth the inner layer in a quasisteady state. Another way to see
after a neutron star is born via a battery effect or a dynamehat the currents are pumped down the crustal area is directly
procesq15], it is likely to be confined to its crustal layers. qm EqQ. (14): 0= — d, 7~ a0l o2. As the conductivity in-

. . - " " X X X "
As we discussed in Sec. V, the exact location of the currentS aases inwards, this part of the velocity results in a pushing

will determine if the mechanism proposed here is operatlngjown of the magnetic flux. Therefore, if the initial currents

I neutron stars or not. are evenly distributed in the crustal area, the upper currents

For instance, the interaction between differential rotatio issipate in short time scak80 yeary, currents in deeper
and magnetic fields during the first few seconds of a nascerﬂ P years, P

neutron star’s life would generate strong toroidal magnetiéay?rs dissipate over anger time scalesi’(O_OQ years),
fields in the subsurface layers of the star. With the rapioV"hIIe the Who'? crustal f|eld'la'lsts for a few m!lllon years.
cooling of the star, the crust solidifies, with the ions forming AS We mentioned above, it is not known which part of the
a lattice in the presence of relativistic electrons. Some fracUrrents supporting the poloidal field is situated in the crust

tion of the toroidal field will have different signs in the [14,17. In any event, that part of the crustal currents can
Northern and Southern hemispheres, like the one illustrategliSsipate via our mechanism on a very short time scale, while
in Fig. 2. Under these conditions the magnetic field is frozerthe field anchored in the core may remain for a time scale
into the electron gas, and Hall currents in the crustal layersomparable to the age of the universe. It is possible that
can arise and our mechanism will be effective. In contrastpulsars with relatively low observed magnetic fields indicate
the Ohmic dissipation in the crustal layers takes place on a core component of-10® G, while pulsars with fields of
very long time scale. order 13 G are younger and have not had time to lose their
If part of the currents supporting the fields is situated incrustal field component. As isolated pulsars lose their crustal
the crust, we can use our mechanism to estimate the tim@agnetic field due to rapid decay, they also slow down, in
scale for rapid dissipation to occur. Taking typical numbersthe process crossing the death line to become unobservable.
for the crustal layers of a neutron star, at a density scal§ye suggest that as neutron stars in binary systems lose their
heighth of 10 cm, n=10°* cm™* and a magnetic field of crustal magnetic fields, they permit an increased rate of ac-
10*? G, thenv,~108 cm/sec. The corresponding time cretion that spins them up to give rise to the millisecond
scaleto=L/v,, whereL is horizontal scale of the magnetic pulsar population.
field, is t,=10'" see=3 million years, assumingL
=10° cm. On the other hand, for a density scale height of
3x10° cm, thenn=10* cm 3, we have, forB=10" G, ACKNOWLEDGMENTS
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