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Abstract: This paper is a preliminary report on ongoing work, in collaboration with Drs S. P. Goodwyn,
A.J. Mestel, and G. A. E. Wright. The non-dissipative force-free condition should be a good approximation
to describe the electromagnetic field in much of the pulsar magnetosphere, but we may plausibly expect it
to break down in singular domains. The detailed properties of the solutions will be affected critically by the
choice of equatorial boundary condition beyond the light-cylinder.
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1 Introduction

With canonical values inserted for the neutron star dipole
moment and the particle density, and with realistic pair
production efficiency near the star in the wind zone, the
electromagnetic energy density in the pulsar magneto-
sphere will be much greater than the kinetic energy density
except for very high values of the particle y-values. This
suggests that over much of the magnetosphere, the rela-
tivistic force-free equation will be a good approximation
for determining the magnetic field structure. Equally,
experience with the analogous non-relativistic equation
suggests that there are likely to be local domains in which
non-electromagnetic forces (including possibly inertial
forces) are required for force balance. An associated ques-
tion is whether the dissipation-free conditions can be
imposed everywhere, or whether the dynamics of the
problem will itself demand local breakdown in the sim-
ple plasma condition E - B = 0 in singular domains, in
addition to the acceleration/pair production domain.

Of the various discussions of the axisymmetric force-
free pulsar magnetosphere in the literature, which go back
to the early days of pulsar theory (e.g. Scharlemann &
Wagoner 1973), we refer particularly to the recent paper by
Contopoulos, Kazanas, & Fendt (1999: CKF), which has
been the principal stimulus, and to those by Michel (1973,
1974, 1991), Mestel & Wang (1979: MW), Mestel et al.
(1985: MRWW), Fitzpatrick & Mestel (1988a, 1988b:
FM), Mestel & Pryce (1992: MP), and Mestel & Shibata
(1994: MS). (Much of the work is summarised in Mestel
(1999).) All the models have within the light-cylinder (I-c)
a ‘dead zone’, with field lines that close within the 1-c
and without any current flow along the (purely poloidal)
field, and a ‘wind zone’, with poloidal field lines that cross
the 1-c, and with poloidal currents maintaining a toroidal
field component. The spin-down of the star occurs through
the action of the magnetic torques associated with the
flow of current across the light-cylinder. The axisymmet-
ric, aligned pulsar model is an idealisation of a realistic
oblique rotator model, inferred from the observed puls-
ing. It may be that strictly aligned models will always
be ‘dead’, with zero magnetospheric currents, as argued
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by Smith, Michel, & Thacker (2001). Study of the live
axisymmetric model is nevertheless justified, since one
can expect that similar problems will arise in the more
complicated geometry of the oblique rotator.

2 The Relativistic Force-free Equation

We confine attention in this paper to steady, axisymmetric
states, and with the magnetic axis parallel rather than anti-
parallel to the rotation axis k. The notation is as in the cited
papers (e.g. FM). The cylindrical polar coordinate system
(@, ¢, ) is based on k; t is the unit azimuthal, toroidal
vector. The poloidal magnetic field By, is conveniently
described by the flux function P(w, z):

t 1 (0P oP
By = —VP x (_) -1 (_, 0, __) W
o o \ 0z ow
The star is assumed to have a poloidal field of dipolar form,
defined by

BR3 w?

P = ,
2 (w24 22)%?

@)

with R the stellar radius and By the polar field strength.
By Ampere’s law, By, is maintained by the toroidal current
density

jt = (¢/4m)(V x By) = (¢/4m)(V x B)gt  (3)
= (c/4m)[V’P/w — 2/w?)dP/dw]t. (4)

In the wind zone of an active magnetosphere there will be
also a toroidal component By, conveniently written

B, = Byt = —[4nS/c](t/w), 5)
where S clearly must vanish on the axis. By Ampere’s law,

the field given by (5) is maintained by the poloidal current
density

Thus S(w, z) is a Stokes stream function, constant on
the poloidal current lines, with —27 § measuring the total
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The Relativistic Force-free Equation

outflow of charge between the axis and the current line S.
In a steady state the total outflow of charge must be zero,
so there must be a current closing streamline on which §
vanishes.

We limit discussion here to the case in which the sim-
ple plasma condition E - B =0 is supposed to hold from
the rigidly rotating, perfectly conducting star out to the
light-cylinder (the ‘inner domain’) and beyond, into the
beginning of the ‘outer domain’ between the light-cylinder
and infinity. Then all field lines corotate with the star, and

E=—(awm/c)t xB
= (aw/c)(=B:,0, By) = (a/c)VP, (7

where « is the star’s rotation. This assumes that within
the dead zone, there is no vacuum gap separating the
domains of negatively and positively charged particles
(Holloway & Pryce 1981: MRRW; FM; MP). In fact, in
the open field line domain, there has to be near the star
a locally non-trivial component of E along B, able to
accelerate the primary electrons to y-values high enough
for pair production to occur. In a hypothetical steady
state, the simple plasma condition E - B=0 will again
be set up in the electron—positron plasma, but now with
E=—-a(P)(w/c)t x B — i.e. with the field lines in
the wind zone having individual rotation rates & that
differ somewhat from the rotation « of the star (cf. MS,
Section 4). However, at least for the more rapid rotators
this effect will be small, and so is left for inclusion in a
generalisation of the present treatment.

By the Poisson—-Maxwell equation, the Goldreich—
Julian (Goldreich & Julian 1969: GJ) charge density
maintaining the electric field (7) is

V-E * Bt (v xB
=—=—-——k- |B->-rx(Vx
Pe 47 2rc 2
® B - Llowxmy|. ®
= —— R X .
2me | 2T 27 ¢

With the rotation and magnetic axes aligned, the pri-
mary outflowing particles are the negatively charged
electrons, yielding a negative current j, emanating from
the polar cap. The stream function S defined by (6) begins
by increasing from zero on the axis, so that By is negative
— the field lines are twisted backwards with respect to the
axis K. As the electric force density

peE = —pe(am/c)t x By €))

is purely poloidal, in a force-free magnetosphere the
toroidal component of the magnetic force density jj x
Bp/c vanishes (the ‘torque-free’ condition), so j, must
be parallel to By, yielding from (1) and (6) the functional
relation
S—§ ) as _

the poloidal current streamlines are identical with the
poloidal field lines. The respective contributions of By
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and By to the poloidal force density are
Jt xBp/c = (V x B)y(t x Bp) /4 a1
and
) 47 S dS 4w dS
b Bie= g ap B = oS vl
12)

on use of (10) and (1). By (1), (8), (9), (11), and (12), the
poloidal component of the force-free equation

PeE +ji x By/c +jp x Bi/c =0 (13)

reduces to
1 aw \2
@ xmy 1= (“2)]

2
+ (E)z% + (4—”) sB _o0 s

c w? cw dP

Note that the first term in (14) combines part of the electric
force with the force due to By; the second again comes
from the electric force, while the third is due to By.

An essential part of the whole problem is the search
for appropriate forms for the function S(P), which should
emerge from the construction of mutually consistent fields
for the inner and outer domains, respectively, within and
without the light-cylinder, and behaving properly near the
star and at infinity. With the sign convention in (1), P
decreases from zero on the axis, so that initially dS/d P is
negative, and the force density (12) due to the toroidal field
B; acts toward the axis. However, since S vanishes on the
current closing streamline, there must be an intermediate
field line on which dS/d P changes sign; below this field
line the force (12) acts towards the equator. Closure via a
sheet current is not excluded (cf. Section 4).

As in the earlier work, we define dimensionless coor-
dinates (x,z) = (a/c)(w, z), and normalise P, S,E,B
in terms of a standard light-cylinder field strength Bjc =
(Bs/2)(@R/c)*:

P = PBi(c/a)?, S =SBi(c?/4na),
(B,E) = B.(B, E). (15)

(Once defined, the dimensionless quantities are again
immediately written without the bars.) The normalised
fields have the form

E=VP. (16)

B,=—-VP xt/x, By=-5/x,

As (w,z) — 0, P must reduce to —x2/(x% + z%)3/2,
the normalised form of (2). The normalised form of the
force-free equation (14) is

2P (1+xHIP 9P ds
2 2
) D=5 —.
@ =D33 o Doz ap
(17)
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Note that the light-cylinder x =1 is a singularity of this
differential equation.

For the non-active case, with S = 0, the solution of (17)
— supposed to hold everywhere within the I-c — has been
discussed in Michel (1973, 1991), in MW, and in MP, and
will be referred to as the MMWP field. The field lines
which reach the equator cross normally, forming a closed
domain: the inner domain equatorial boundary condition is

By (x,0) =0, (18)

with no equatorial current sheet. As the field must be
non-singular at the l-c, (17) with S=0 requires that
B, = — 0P /dx =0 when x = 1: the field lines cross the
1-c normally, and there is a neutral point at the intersection
(1, 0) of the I-c and the equator.

The appropriate changes for the realistic case — with
S # 0 — are discussed in Section 5.

3 The Outer Domain

Let us suppose provisionally that the simple ‘perfect con-
ductivity’ condition (7) continues to hold everywhere
beyond the I-c, so that there is no trans-field motion of
the plasma. Then the field beyond the 1-c must be topolog-
ically ‘open’, with no field lines crossing the equator. The
CKF model has the field lines crossing the equator nor-
mally within the 1-c, as in the MMWP and FM fields, but
beyond the 1-c, the boundary condition B, = 0 is imposed
at the equator. In the northern hemisphere By > 0, so by
(7), near the equator the electric field x By is in the positive
z-direction. As the basic field is dipolar, B, must change
sign at the equator, implying a locally positive current
density j, and a magnetic force density that acts towards
the equator. Thus the poloidal magnetic field pinches, as
in familiar non-relativistic problems, but the combined
electric force (9) and the B, force (11) is [(x%2 = 1)
(V x B)y/4m ]k and so acts away from the equator, since
x > 1. The proposed force-free equilibrium near the equa-
tor must therefore be maintained by the pinching effect of
B. We have seen above that § dS/d P does indeed become
positive at low latitudes, so that (12) has the required
direction.

Consider first the idealised case, with By, By and E,
abruptly reversing sign at the equator, and so with positive
sheet currents Jg, J, and positive surface charges o. Over
the surface z = +-¢, there is a net electromagnetic stress
T;;k; where

1 1
Tij = e |:—§(E2 + B8 + (EiEj + BiBj)i| (19)

is the Maxwell stress tensor. The electric terms yield
(szﬁ/Sn)k and the magnetic terms —[(B% + Bé)/&r]k,
so the net electromagnetic pressure, acting towards the
equator, is

[B; — (x* — )B}] /87 (20)

L. Mestel

There is an equal electromagnetic pressure, also acting
towards the equator on the surface z = —e. Provided

|By/Bx| > vVx2 -1, (21)

then an equal particle pressure at the equator is both
necessary and sufficient to maintain equilibrium.

The force-free equation (14) can be written succinctly
as 7;;/dx; = 0. Near the equator, |B;| < |B,| in this
model, and the force-free condition becomes

9 19
— T33= ——[—B? 2_1B*}l=0, (22
et e B A ] (22)
whence
1
g[Bg—(xz—1)19)%]=peq (23)

where peq is independent of z. If (21) holds, then peq is
identified as a particle pressure at the equator, where By
and By change sign.

More realistically, the transition to zero field at the
equator will be continuous, with the particle pressure p
increasing steadily across half of the thin equatorial sheet.
The force-free condition (22) is replaced by

9 {L [—Bé + (x* = 1)B?] —p} =0, (24)

0z | 8w
and (23) by
1
o [B; — (x> = DB+ p = peq. (25)

As the equator is approached, p steadily increases from
the uniform value (implicit in the force-free assumption),
which could in principle be zero, to the value peq. Thus
the model necessarily includes a thin domain with a non-
force-free electromagnetic field.

The limiting case, with the inequality sign in (21)
replaced by equality, appears consistent with zero equato-
rial pressure peq. However, condition (14) assumes that all
non-electromagnetic forces, including inertial forces, are
small compared with the dominant terms in the Lorentz
force. With the electromagnetic field subject to the condi-
tion (7), the kinematics of the flow has the form familiar
from stellar wind theory, with v, parallel to By, and the
rotation velocity given by

Up B¢
= + 222, 26
e c<x c BP> (26)

The energy integral in a pressure-free system is (MRWW;
MS; Contopoulos 1995)

y[1 — x(vgy/c)] = constant, 27

showing that y would become infinite if vy = ¢/x, v, =
cy/ (x2 — 1) /x; and from (26) this is equivalent to

|By/Byl = Vx> — 1. (28)
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Thus the seemingly exceptional case, with zero equatorial
pressure and so with the force-free equation holding all the
way to the equator, in fact requires that the flow outside the
equatorial zone be so highly relativistic that the neglected
inertial terms are not small, so violating an essential condi-
tion for the force-free approximation to hold. We conclude
that in all cases, the equilibrium conditions for this model
will require at least a local breakdown in force-free condi-
tions. In analogous non-relativistic problems, Lynden-Bell
(1996) has pointed out that a thermal pressure is again
required to balance magnetic pinching forces, exerted
locally by an otherwise force-free field. However, we
again emphasise the important difference, that whereas
in a non-relativistic problem the electric stresses are nor-
mally smaller than the magnetic by the factor (v/c)?, in
the present problem the opposing electric stresses exceed
the pinching poloidal field stresses by the factor x2, and
equilibrium is possible only through the pressure exerted
by the toroidal field.

In the domain near the equator, with |By/B;|>1,
the relativistic flow likewise has |vy/v;|> 1, so that
vf + vé ~ ¢?, whence from (26) (remembering that By
is negative),

x —by/(1+b%—x2)

v¢/c =

(1+b2) ' 29)
_ bx /(1402 —x?)
UX/C - (1 + bz) k)

where b= |By/B,|. (The algebraically allowed choice of
the opposite signs before the two radicals would yield
vgy/c = latx = 1,implying infinite y, and so is rejected.)
The outflow of angular momentum from the star in both
hemispheres across a closed surface ¥ with local outward
unit normal n is (e.g. Mestel 1999)

P.
—/(wB¢/4n)Bp-ndE = —(c/a)3Bl2C/ S(P)dP,

(30)
on use of (1), (5), and (15).

4 The S(P) Relation

As noted in Section 2, if there do exist magnetospheric
models that are everywhere dissipationless, with the field
force-free outside singular regions such as the equatorial
sheet, then allowed relations S(P) should emerge as part
of the solution. An early model of the whole magneto-
sphere by Michel (1974, 1991) has no dead zone, but a
poloidal field that is radial all the way from the star to
infinity. In our notation, the Michel field is

Z X
Pt (1 T2 +z2)1/2> BT

< 31)

BZ == —Pc_(xz + 12)3/2 ’

with P, <0 in the northern hemisphere, and with the
critical field line P = P, coinciding with the equator.
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Michel’s S(P) relation is
P? x2 S
S=-2P+—=—P.———+, By=——, (32
+ PL- c(xz +Z2) ) X ( )
so that
ds P 2z
— =2l -—= )=,
dpP P (x2 912
(33)
ds x%z

S—=2P.—————.
dP ~ T 4 )

One can easily verify that (17) is satisfied. Note that the
poloidal field (31) is radial and (away from the equator)
independent of the spherical polar angle 6, and so has no
curl: the equilibrium condition is a balance between the
electric force given by (8) and (9) and the force due to
the toroidal field (32). However, since P. changes sign
on the equator, there are again both toroidal and poloidal
equatorial sheet currents that respectively maintain the
jumpsin By and By; also qu) —(x2—1)B% = P?/x* when
z =0, so that by the above discussion, peq > 0. Note also
that dS/d P = O on the critical line P = P,.

Near the star, the poloidal field is more plausibly taken
to have a dipolar rather than a radial structure, together
with an associated dead zone within the 1-c, similar to
that found in the MMWP, FM, and MS fields, and anal-
ogous to that in the non-relativistic wind problem (e.g.
Mestel & Spruit 1987). The dead zone terminates at the
point (x., 0); the value of x. (<1) will be seen to be an
extra parameter, fixing the global field structure. Within
the dead zone the field lines close, crossing the equator
normally so that the appropriate equatorial boundary con-
dition is d Pz &< By (x, 0) =0 for x < x.. The dead zone
is bounded by the separatrix field line P.. In the wind
zone outside of P,, the wind flow is along the poloidal
field, and so the equatorial boundary conditionis d P /dx o
B, =0. Note that this condition holds not just beyond
the 1-c but from x. <x < oo. Again there is a charge-
current sheet maintaining the discontinuous sign changes
in E;, By, and Bg. Thus the critical field line P(x,0) =
P, extending along the equator from x, outwards, is the
continuation of the separatrix between the wind and dead
zones.

Just outside the equatorial charge-current sheet and the
separatrix, (17) holds all the way in from co. At the inter-
section (1, 0) with the 1-c and just outside the sheet, with
P, o B, = 0 and the second derivatives Py, and P,, non-
singular, (17) requires that the constant value of S dS/dP
along P. must be zero. But S(P.) # 0, because, as seen
above, beyond the l-c the pinching force exerted by By, is
necessary for equilibrium; we therefore require, as in the

Michel field,
ds
—)1=0 34
(57) (34)

on the critical field line P.. This condition is propagated
inwards along P, onto its continuation, the separatrix P,
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between the wind and dead zones: the equatorial equilib-
rium conditions beyond the 1-c impose a constraint on the
global S(P) relation. From (10), condition (34) requires
that the poloidal volume current density j, falls to zero on
P., but the finite value for S(P.) requires a poloidal cur-
rent sheet at the equator beyond x. and along the separatrix
within it.

We note that CKF report that they were unable to
construct a model without some of the return current in
the form of a sheet current along the separatrix; in our
notation, S(P.) # 0. This appears to be due to the prop-
agation along P, into the inner domain of the equatorial
equilibrium requirement found in the outer domain. From
their Figure 3, it appears that for x >> 1, the poloidal part
of the CKF field does approximate quite closely to the
Michel radial form, in both cases forced presumably by
the equatorial boundary condition B, = 0.

5 The Inner Domain

‘We have emphasised that beyond the neutral point (x., 0),
there is a finite thermal pressure on the equator, necessary
for equilibrium. Likewise, it is not obvious that within
the I-c, the boundary condition on the field line separatrix
between the wind zone (labelled 2) and the dead zone
(labelled 1) can be satisfied without a thermal pressure
within the dead zone (Figure 1).

Itis in fact easy to generalise (14) and (17) to include a
pressure gradient: with gravity and inertia still negligible,

S L[ ()] (22 2

(F easl ooy (35)
cw dP p="5

Thus p = p(P) — the constant pressure surfaces must
coincide with the poloidal field lines. In normalised form,

—
b T
Zone2 3
,.f':r’ e
4 -,
{ Zone 1 “
o
%, -~
i -
N, - —
““xh.___'_,___—*—’_ﬂ_ B 5
T
rotation/magnetic light-
anis cylinder

Figure 1 Schematic magnetosphere.
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(35) becomes
2P (1+x»HaP 32p
l—xH)— ———— = 1—x3)—
( x)axz x 8x+( x)8z2
ds 1 ,d
— s _ 2% (36)
dPp 2 dP

Prima facie, there is no obvious objection to the adop-
tion of the simplest case, with p the same constant on all
the field lines within the dead zone and zero in the wind
zone, i.e. with a discontinuity in both p and S(P) on the
separatrix. The equation for P within the wind zone then
remains (17) (with signs reversed for convenience)

2P  (1+x>)oP 32P
__ﬂ_+(1_x2)_
9x2 X dx 972

(1—x?)

=-S5 — 37
dpr’ 37)

and in the dead zone we have the same equation with § = 0.
However, along the separatrix P., extending inwards from
the equatorial point (x., 0), the equilibrium conditions
require a discontinuity in B, as well as those in p and
S(P). Writing

ni = —[(t x Byp/Bp)li (38)

the unit normal to the separatrix, we require continuity of

[~ (87p + E? + B2 + B)3ij + 2E,E; + 2BiB; |
(39)

with E given by (7). The components of (39) parallel
to t and to the separatrix are automatically zero. The
component normal to P, reduces to continuity of

87p + Bs[l — (@w/c)*] + B;, (40)
ie.to
87p+ B} (1 —x%) = BLh(l —x*) + By, (41)

It is convenient to normalise p in units of BlzC /8.

For x > x., the wind zone 2 extends from the equator
z = 0to z = oo; for x < x., zone 2 extends from z.(x)
defined by the separatrix

P(x,zc) = Pe (42)

to z=o00. The separatrix function (42) is not known a
priori but must emerge as part of the solution by iteration.
We assume provisionally that at the point (x,, 0) (referred
to as N), the poloidal field B, = 0 both just outside and
just inside the separatrix. From (41), the pressure of the
toroidal field is balanced by the thermal pressure p, so that

p=S*(Po)/xC. (43)
For x < x., with use of (15) and (16), (41) then becomes

(1 —x*/x2)

2 _ 2., @2
(VP)" = (VP)" + §°(Pe) 1—x2)

(44)
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The discontinuity in |V P| grows from zero as x moves
in from x. but will become a small fraction of |V P)|
for small x. When x. < 1, the function P has a simple
analytical behaviour near the neutral point (x., 0). The
separatrix leaves (x., 0) making an angle 6 = 27 /3 with
the outward-pointing equator. To leading order, in both the
dead and wind zones, Py + P,; = 0, which has the local
solution

P/P. =1+ Ay R¥?sin(36/2),
(45)
R* =27+ (x —x0)7,

where the coefficients A ; apply respectively to the wind
zone 0 < 0 < 27 /3 and the dead zone 27 /3 < 6 < . It
is seen that along 6 = 0, P = P.,,andon 0 = 7, Py «
P. = 0, as required. Across the separatrix z = v/3(x; — x),
P is continuous, while the jump condition (44) then yields

PN

L — 46
27 9P2x.(1 — x2) (46)

At this point, it is instructive to make a comparison
with the analogous non-relativistic problem, in which the
electric stresses are small by factors O (v /c)? and so are
negligible, and also inertial forces are still neglected. Sup-
pose that there is again a separatrix passing through the
poloidal field neutral point at (x., 0). The balance equa-
tion across the separatrix is now continuity of 87 p + Bg +
Bq% — the (1 — x?) factors in (41) are replaced by unity.
If again p is negligible in the wind zone, then the con-
stant value of p along the separatrix within the dead zone
is again fixed by the condition at the neutral point —
p=S 2(P,) / xf in normalised form. The balance condition
is then S?(P.)(1 —x?/x2)+ (V P2)? = (V P;)?. The pres-
ence of the factor (1 — x?2 /xcz) in the S2 term enables B, to
be continuous (and zero) at the neutral point (x., 0), but
with S2(P,) still non-zero. (Clearly, in the non-relativistic
problem, the numerical value of x. is of no significance.)

By contrast, in the relativistic problem, near the 1-c the
electric field strength approaches the poloidal magnetic
field strength, so that the factor (1 — x2) now appears mul-
tiplying both the (V P)? terms in (44). If now one were to
take x. = 1, then the non-vanishing factor (1 — x2) would
cancel, and (44) would reduce to

S2(P) + (VPy)? = (VP2 (47)

along the separatrix. At the point (x., 0), the simultane-
ous vanishing of VP; and V P, would then require that
S(P;)=0 (and so also by (43) p=0). But if beyond
the I-c the equatorial toroidal component By = —S(P.)/x
were zero, then the balance condition could not be satisfied
(cf. (23)).

In fact, as noted in Section 7, the vanishing of S on the
separatrix is appropriate to models with a radically differ-
ent external equatorial boundary condition. In the present
problem, the case x, = 1, which yields (47), may per-
haps be incorporated provided that for this limiting case,
we allow VP; # 0, i.e. the discontinuity in B}, across
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the separatrix persists at the equator. If x, = 1 — € with
€ <1, then from (44), the equatorial B, can be zero
on both sides of the separatrix, without requiring that
S(P;) = 0. However, at a neighbouring separatrix point
x = x. — X with X « 1, the second term in (44) will have
climbed from zero at N to S2(P)[X/(X + €)] =~ S?(P,)
once X > €. Should the solutions with S(P,.) 7 0 continue
to exist as x. — 1, then the separatrix balance condition
will imply a steeper and steeper local gradient in B,
corresponding indeed to a discontinuity at x, = 1.

An essential step in all the argument is the condition
p = p(P), following from (35). If instead the thermal
pressure p were (illicitly) allowed to vary so as to bal-
ance the pressure B;z =S%(P) / x2 exerted by the external
toroidal field, then from (41) there would be no disconti-
nuity in B, at the equator or indeed anywhere along the
separatrix.

It is appropriate also to re-emphasise just how crucial
to the discussion is the outer domain equatorial boundary
condition

B,(x,0)=0 (48)

forx > 1, foritis the consequent local equilibrium require-
ment S(P,.) > Othatimplies a poloidal sheet current within
the 1-c along the separatrix, leading to the conditions (41)
and (44), with a non-vanishing Bg. It is then clear that
a non-zero p(P,) is required for the balance condition to
hold at the neutral point.

6 Model Construction

The two basic parameters of a pulsar are clearly the angu-
lar velocity and the dipole moment of the neutron star.
The spin-down rate of an active pulsar will depend on the
strength of the circulating poloidal current. In the Michel
S(P) relation (32), the form with S~ —2P valid near
the poles derives from taking the current density flow-
ing along the axis as equivalent to the Goldreich—Julian
electron charge density moving with the speed c, a rea-
sonable upper limit, and indeed one that must be closely
approached if the electrons are to generate an electron—
positron pair plasma near the star (cf. e.g. MS, Section 3).
We likewise consider S(P) relations that all behave like
the Michel form for small P.

The only other parameter introduced into the theory is
the pressure in the dead zone, which we have taken as uni-
form. Prima facie, there should be a one-parameter family
of possible functions S(P; P.), each fixing the global field
function P and simultaneously the shape of the dead zone
and its limit x.(P,). The value of the required dead zone
pressure p(P.) is given by (43). Intuitively, one expects
a decrease in p to correspond to an increase in x. and a
decrease in | P;|. It can also be convenient to think of x.
rather than P, as the defining parameter.

Two approaches are being used in the ongoing project.
The first follows the trail blazed by CKF: for each x. we
search for a function S(P) which yields solutions for P
in both inner and outer domains, satisfying the respective
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boundary conditions, and in particular with P and d P /dx
continuous on x = 1.

As noted in Section 4, the Michel relation S = —2P +
P2/ P. yields the poloidal field (31) that is radial all the
way from infinity to the origin. The asymptotic behaviour
of the Michel field is acceptable; however, we need mod-
ified S(P) relations compatible with the existence of the
dead zone, for which there must be an equatorial neutral
point (x., 0) of Bp.

The force-free equation

ds
P+ (x*—1)P, = Sd—P

(49)

14 x2
(x2_l)Pxx+(x—)

is valid in the whole of the wind zone beyond the 1-c
subject to the equatorial boundary condition P, =0 for
x>1. On x=1, as noted in CKF, MRWW, and else-
where, the requirement of non-singular Py, and P;, yields

the constraint
ds

2P, =S ir (50)
Thus with adoption of a trial S(P) relation, the solution
of (49) for x > 1, subject to finite behaviour at infinity and
on the 1-c x = 1, and with P a constant on the equator, will
yield P and 0 P/dx satisfying (50) on x = 1.

It is instructive to begin by studying how modest vari-
ations from the Michel S(P) relation (32), when fed into
(49), can change the shape of the poloidal field lines, in
particular sometimes making the radial Michel field lines
curve within the 1-c so as to yield a poloidal field neu-
tral point x.. For computational purposes, the functions
P(x,z), S(P) are renormalised in terms of the constant
value P. along the segment of the equator z = 0, extend-
ing now from a point x. < 1, through the l-c x = 1 to oo:

P=P/P., S=S§/P. (51)

With our sign convention, P is positive and S negative;
in the rest of this Section, the bar will be dropped, all
quantities being assumed normalised. On the equator for
x > x., P = 1. The normalised dipole at the origin now
has the form x2/|P.|(x* + z%)3/2.

In the initial attack, the Michel S(P) relation S =
—2P + P? is generalised to

S=—2P+ P>+ f(P) (52)

where f(P) is a simple polynomial. An ‘outer solution’ of
(49), for the domain between x = 1 and oo, subject to the
equatorial boundary condition and with proper behaviour
at infinity, is constructed by a relaxation method. This
solution will in particular yield values for P and Py on
x = 1, related by (50). Just within x = 1, P and P, must
both be continuous, and the same S(P) relation must hold.

In the simple problem with no poloidal currents
(Michel 1973, 1991; MW; MP; Mestel 1999; Section 2
above), equation (49) with § =0, subject by (50) to the
condition P, =0 on x =1, is best solved within x = 1 by
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a Fourier transform in z (cf. the discussion in Section 7).
The requirement that the second derivatives be finite at
the singularity x = 1 ensures that the initial value of P,
is not prescribable but must be zero, and so likewise its
Fourier transform. Inward integration of the equation for
each Fourier transform is performed. Link-up with the
solutions valid near the origin yields transform coefficients
which decay exponentially at large Fourier wave-number
k, so that the construction of P from the back-transform
converges rapidly.

In the present problem, with S(P) # 0, the Fourier tech-
nique may again be used to explore the initial smooth
extension inwards of the constructed outer solution. The
Fourier coefficients on x =1, now fixed from the outer
solution, again decay exponentially with large k. For
suitably chosen trial functions S(P), the technique does
indeed yield a continued poloidal field with a neutral point
N at (x, 0).

We are interested in the family of global models, each
with its defining parameter x., comprising the ‘inner solu-
tion’ for the domain from the star out to the l-c, and
linking up smoothly with the outer domain solution, and
with the same S(P) relation in the wind zones in both
domains. With x. chosen, the associated trial function
S(P)isadopted as input into the first iteration in the search
for the global solution.

Recall the constraints on the inner solution. The sep-
aratrix — defined by the renormalised P =1 — demar-
cates the dead zone x < x., 0 <z < z.(x), from the two
domains of the wind zone: x < x., z.(x) <z <00, and
xe<x<1, 0<z<oo. The same S(P) relation must
hold in the whole of the wind zone; in the dead zone,
S =0. The condition (44) holds on the separatrix, and
near the origin P must reduce to the vacuum dipole form
x2/|P.|(x% + z2)3/2, with | P,| fixed by P (x., 0)=1.

The suggested procedure is a generalisation of that used
in CKF. With x. chosen, then as seen, a first choice for
S(P) is available. A plausible first choice for the separa-
trix field line is adopted, and again a relaxation method
is used to construct an inner solution, well-behaved on
the I-c. The procedure is repeated, using the separatrix
from the previously constructed field, until convergence
is achieved. The values of P (1, z) and Py (1, z) are related
by (50), but will not agree with the values found from the
outer solution. As in CKF, the inner and outer 1-c values
are used to derive a modified S(P) relation. This S(P)
relation and the separatrix from the constructed model are
input for the next iteration; the process is continued until
effective convergence is achieved. The preliminary results
are encouraging.

A second approach to the problem, being developed
at Imperial College, attacks the fully non-linear problem
globally using finite difference techniques. For a fixed
value of P, and initial estimates of P and S(P), quasi-
timestepping schemes are employed separately in the wind
zones inside and outside the 1-c and in the dead zone. The
imposed boundary conditions in the three regions are a
regularity condition at x =1, continuity of P at P =1,



The Relativistic Force-free Equation

while as x? + z2 — o0, the field becomes radial, so that
x Py +z P, — 0. With each time-step, new values of S(P)
are deduced to ensure continuity of V P across x = 1, while
the dead zone boundary is advanced according to the jump
condition on VP at P =1. Once equilibrium is estab-
lished, a self-consistent solution to the nonlinear elliptic
problem has been found.

Provisional results for the cases P. = —3.0 and —2.0
give x,=0.2283 and 0.4619, and normalised S(P.) =
—0.9795 and —0.9387 respectively. From (43), the cor-
responding values for p are 18.41 and 4.13, so that as
expected lower pressure in the dead zone requires the neu-
tral point to be further out. Outside the dead zone, the field
quickly becomes quasi-radial. With x. well below 1, it is
not surprising that in both cases the S(P) relation deviates
only slightly from the Michel form.

It will be of particular interest to see what happens to
the search for a global solution as x. approaches 1. Will
there be a maximum value for x. < 1, or will there be a
solution with non-vanishing spin-down at x, = 1, with the
gradient of | B,| becoming arbitrarily large, as suggested
in Section 5?

A more detailed account of the present work, hope-
fully with much more extensive numerical results, will be
submitted to the Royal Astronomical Society of London.

7 The Equatorial Boundary Condition
in the Outer Domain

In this last Section we outline how a change in the equato-
rial physics in the outer domain can enforce qualitative
changes in the global model, both within and without
the 1-c.

Within the dead zone the field lines cross the equator
normally, so that d P/dz =0 for x < x., z=0, whereas
the condition that the wind zone be perfectly conduct-
ing enforces a fully open field crossing the l-c, so that
dP/dx =0forx > x.,z=0.This in turn yields a non-zero
S both at the outer domain equator and on its continuation
as the separatrix P, between the wind and dead zones,
so that much of the current returns to the star as a sheet.
Simultaneously, the conditions of equilibrium require a
gas pressure both at the equator beyond x. and within the
dead zone.

In the somewhat more complicated model of MS there
is again a force-free domain extending beyond the 1-c, but
now the inner boundary condition d P/9z o By (x,0) =0
is supposed to hold in the outer domain x > 1 also.
This is the appropriate approximation if there is trans-
field, radial flow of gas along the equator, requiring a
dynamically-driven macro-resistivity. The constraint (10)
still holds away from the equator, but a local departure
from torque-free conditions allows S(P) to vary along
the equator. Again (14) yields S dS/d P =0 at the neutral
point (1, 0), and so also along the separatrix P, between
the wind and dead zones within the I-c, but now this can
be satisfied by the simple choice S(P.) =0: S(P) can go
to zero continuously, without there needing to be a sheet
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current along P, nor need we introduce a pressure into
the dead zone.

These simplifications, however, come at a price: at least
for the cases studied, with the equatorial boundary con-
dition 9 P/dz o« B, = 0 holding everywhere, a solution
that is well-behaved and continuous at the 1-c blows up
before it can reach infinity.

The method of solution used in MS is a generalisation
of the Fourier integral technique used in MW and MP.
Both within and beyond the 1-c, P is written as

2 o0 o0
P = —/ fcoskzdk, f =/ Pcoskzdz, (53)
T Jo 0

yielding
@2+
% = D) fax + —fi— (% — DE* f = g(x, k),
(54)
with
© d4s
glx, k) = /0 S ir coskz dz. (55)

To illustrate the breakdown, it is convenient to apply the
JWKB method to study the asymptotic solutions of (54)
for large Fourier variable & (e.g. Jeffreys & Jeffreys 1972).
Away from the singularity at x = 1, equation (54) has the
general asymptotic solution

ORI S L A (G0 RN
f_(xz—l) [% . @@ —ppe ke

X

+ (A + Bke—’“)] (56)

where a convenient lower limit x will be chosen subse-
quently. Near x = 1, we define the variable u = k(x — 1),
so that (54) reduces to

ufuu + fu —uf = g1, k)/2k. (57)
The general solution of (57) that is non-singular at u = 0
x=1)is
Lky (“
7 =t |de+ E52 [T ko ao
2k Jo

g k)

— Ko (u) % )y Io(v) dv, (58)

where I, K are modified Bessel functions in standard nota-
tion. Thus dy, is the Fourier cosine transform of P(1, z).
Matching of the solutions (56) and (58) in the overlap
domain where (x — 1) < 1butu = k(x — 1) > 1, with
the help of the asymptotic expressions for Bessel func-
tions (Abramowitz & Stegun 1965: AS, 9.7), yields the
relations

k 1/2 1 12 1
Aref(k)2)'? = (E) [dk + =

2% J, Ko(v)g(1, k) dv]

1 1/2 T
(E) [dwﬂg(l,k)], (59)
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Zl/2 i
Be *(k/2)'? = ——— | To(w)g(l,k)dv.  (60)
2k Jo

Continuity of P on the I-c u = 0 requires that d in (58)
be equal to the Fourier cosine transform on the 1-c of the
inner domain solution. If § = 0 — no poloidal currents —
then g =0, and from the known asymptotic form of the
inner domain MM WP solution (MP, Section 2), continuity
yields Ay = —(k/2)'/% exp(—2k), so that f; blows up
like exp k(x —2), as found in MP. We are now interested to
know if an appropriate choice of S(P) will yield g(1, k)

such that

T
di = ——g(l,k 1
k=78 b, (61)

so by (59) yielding Ay = 0, the requirement for finiteness
at large x.

A simple example with S vanishing on the separatrix
P. is the one adopted in MP:

2p?
§S=-2P+ 5 (62)

c

If the solution sought for P were to exist, then dy — its
Fourier cosine transform on the 1-c — should be identical
with dj given by (61). Substitution of plausible forms for
P in fact yields a sign discrepancy. Though in no sense a
proof, the result does complement the conclusion in MP.
There, imposition of continuity at the 1-c yielded a sin-
gularity in the solution at less than two I-c radii; here, the
requirement that there be no blow-up in the solution yields
fundamental incompatibility at the 1-c.

The resolution of the dilemma suggested in MP is that
there has to be a breakdown in the simple plasma condi-
tion E - B =0, not only on the equator, but also in a thin,
dissipative volume domain, idealised as a cylindrical shell
symmetric about the rotation axis.

Now return to the problem of this paper, the search
for a solution of (17), satisfying d P/dx = — x B, =0 for
x> 1, z = 0, so that the separatrix field line P, extends
beyond the 1-c and lies in the equator. The appropriate
transform for P is as a Fourier sine integral:

P(x,z) = E/OO f(x, k) sinkzdk,
T Jo
. (63)
fx, k) = / P(x,z)sinkzdz.
0

Integration by parts of the P, term in (17) yields an extra
term: the equation for f is now

2 = 1) fax + fo — 2= DK f
= g(x, k) — (x* = DkP, (64)

(14 x?)
X

where the suffix s is put on g as a reminder that it is a
Fourier sine integral:

© ds .
gs=/0 Sﬁsmkzdz. (65)
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The expression (63) for P is valid in the domain z > 0;
in z < 0 it represents — P. The Fourier back-transform of
a function with a discontinuity will yield the arithmetic
mean of the values on either side of the discontinuity. Thus
at z = 0, (63) yields P = 0, which is indeed the mean of
P. and — P,. Because of the presence of P, on the right,
the solution of (64) will show the ‘Gibbs phenomenon’
(e.g. Jeffreys & Jeffreys 1972).
The solution of equation (64) may be written

1
f=P (E + F(x, k)) (66)
with F satisfying
1 2 k
(x2 = 1)Fyy + MFX — (% — DKF = 8s(x ).
X PC
(67)

As an illustration, consider the Michel form (32) for
S(P), for which (17) has the known solution (31), valid in
both inner and outer domains. We quote the known Fourier
cosine transformation (AS, 9.6.25)

®  coskz 2 (kY Kelkx)
S = ) vy
0o (xZ+4zH)vtl/ 2x) T(w+1/2)
(68)

Integration by parts of the case v =1 then yields for F
defined in (66)

F(x,k) = —xKi(kx), gs= 2kx2K0(kx), (69)

and (67) is seen to be satisfied.

One can perform a similar JWKB asymptotic anal-
ysis for this Fourier sine transform. When applied to
the Michel solution, the method merely confirms that
the condition Ay =0, ensuring that the solution behaves
well all the way to infinity, does indeed yield F(x, k) ~
—(7x/2k)'/?e7** the asymptotic form of F as given by
(69). One can therefore expect generalised dissipation-
free, Michel-type solutions to exist in the outer domain:
with the change in the equatorial boundary condition to
B, = 0—asdiscussed above, implying alocal breakdown
in the force-free condition — there is apparently no longer
an automatic bar to satisfying appropriate conditions both
at infinity and at the I-c.

8 Conclusion

As noted by CKF, when the field lines beyond the 1-c are
quasi-radial, the y-values of the particles as given by (27)
remain moderate. In analogous non-relativistic problems,
one thinks of field lines achieving such a structure when
the kinetic energy density of the flow dominates over the
magnetic. Without such an outward pull, an equatorially
pinching, quasi-radial field is likely to be unstable against
reconnection, spontaneously converting into a structure
with field lines closing across the equator. In the relativistic
problem, however, quasi-MHD flow along such a field
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beyond the 1-c does then lead to high y-values (MRWW;
FM; Beskin, Gurevich & Istomin 1993). My guess is that
in a realistic model, the field lines will neither run parallel
to the equator as in CKF nor cross it nearly normally as
in MS. High-y plasma will flow along the field into an
equatorial sheet, and will continue its (probably unsteady)
outflow, crossing the field through a dynamically driven
macro-resistivity. It is not clear whether the dissipative
processes will be confined to the equatorial domain, or
whether there will be also a volume dissipative domain as
in MS. The present work is a preliminary to this still more
formidable problem, with its as yet uncertain observable
consequences.
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