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LETTERS TO THE EDITOR

PHYSICAL SCIENCES

Rotating MNeutron Stars, Pulsars
and Supernova Remnants

1 spant, discuzs hors gone 111'|||:|[r'-1:|-| conneelsd  with
thoeories linking the pulsars to the retation of neutron
sturs (refe 1 onnd n proprint by L. Woltjer).  Beoause
poutron stars con be fonmed during & supermova explosion,
their rotation eould be eoupled with the surrounding
poseous  remnant®?s the following  considorations will
therefore also refer to the problem of the netivity olseryved
in the Crob Nebula and similoy objeets,

Gold (private communication) has noted thiat the direct
dateetion of o pulsar n the Crab Nebols would Be made
vory diffieult by the dEpersion inside the nebula itself,
Tt s also obvious that s pulsed crmission will not resalt
if the bosie canse of the pulsea (for mmstance, the stellar
rotation) has o time scale shorter than the width of the
individunl pulecs, A rototing neutron star could then be
present, aay, i the Crab Nebula even if there 18 no evidence
for o pulsating radio souree jn thus part of the sky (Droe,
private communicntion). Long term brightness varintions
amilar to the ones found in the pulsars could still be
detectable: woscorch for this kind of varinbility in the
eampaet low frequency source i the Crab is nesded.

Following my carier paper? and moere recent remarks
by severn] suthors (ref. | and preprints by L. Waltjer
and by B, J. Eosstlund), T ehall consider o neutron star
which hns a dipole magnetio feld and rotates about an
axia different from that of the magnetie field. The
obligue  rotator confpuration  seems oomoenon  AMONE
mugnetic stars whero the angle between the field and the
rotation axes tends to be elose to 907 (ref, 4), Bven if tho
two axes concided in the originnl star, the mass losa
during the aupernove explosion would ceortainly not be
perfectly sphereally symmetrie, eapecindly of large mag-
netic fialds are present.  As o consequonece, the mutual
imelination of the axes in & newly born neutron star is
likely to be nlmoast arbitrary. Spitzer® has noted that an
oblique rotstor configurstion eannot persiat andefinitely
because the body 1= rotating sbout an axis which is not o
prncipe] axis of inertin, Dissipation mechoansms in the
form of hydromagnetic waves can be important elose to
the surface of the star and eventually result in an accelera.
tion of particles, Remarkable evidenee for this kind of
aoctivity elose to the magoetic poles of some Ap stars
eomes from the distribution of peeabar elements in thess
starg {ref, 4 und o preprint by L. Woltjer). The pos-
sibility of a connexion between this kind of bydromagnetic
sctivity in an oblique rotator and the aetivity observed
In seme supernova remonnts s worth mentioning,

I shall not attempt to evaluate o Lifetime for the obligue
rotator configuration, us the problom s extremely difficult.
There 2, however, & difficulty of o different kind osso
cisted with the existence of the magnetie field itself in
an old neoutron gtar, The decay toano of the field 1= propor-
tional to the I}rnduut ch:, whers e 15 the olectrical condue-
tivity and B 15 the radins of the star. An order of mng-
ditwde for o onn be roughly estimated by pualting
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where o es the eléctron velosity nnd S 2 the Coulomb
cross-aection.  For a relativigtic electron gus we  take

t=r amd & of the oeder of the classieal value mri= 1023

em?®, The olectrical conductivity turis out W bea~ 102251,
thot s, aboat 1= 0* tomes larger than m the Sun. For a
mentron star we bave =~ 109 qqn~ 0% H‘_‘_,-: nnd for the
Sun the deeay timie 3 about 109 yr, so it s at least
upeertam whether vhe [ossdl TSR TELAT field of b feubcon
star can loast longer than nbout 100108 vr. It has to be
empligsized that tlis estimate doss not take into weeound
the gas degeneracy and, oven mmore unportant, the pos.
sibiity of a supersonductive belviour of the neatren
star mottor in soma density eange. A complete mvestipa-
tion of the problen: is certainly desirable

I shall now deseribe the electromagnetie feld arouml
a noutron star roteting with an anpular velocity w o oo
quasi-vaom, By quasi-voenmm we menn st the feld
of the star cannot By compensated by the eurrents induced
in the surrounding mediom.  The corresponding densiey
limit can be evalunted by noting that the maximom
ourrent dengity o the gircamstellnr g 18 Jmaz = e e ©
The Moxwell equocion earl H={4wfc) ] then gives the
maximum imdueed feld, IT we tako our]l H~1/r {r 5 of
the order of the sie of the syetem) we obtain 5 g =
47, r. 'The field of the star, or vanations of the feld of
the order of the field itaelf, cannot o compensated by the
induced currents 1f mn.< M fidwer). Assuming He~ 0w
gauss and r=R=10" om the ecrtical electron density s
about 1009 em-? This linnt is oertaindy not very stringent
and is Hiely to ba violated ooly soon nfter the birth of the
neutron star.  The assamption of o guasi-vecium then
soEmna legitimnate near o neatron star hnving o very strong
magnetic field.

Lot o be the aogle between the magnetie and the
rotation axes, If w==0 retardation efects become e
portant for the field at o distanee ¢ sach thot w e~
for w rze the fleld bocomes & wave progresaing outwards,
As noted? the obligie rotator model leads to the releass
of the rotational encrgy of the star by the maintion of
electromagnetio wasy2g having the same frequency as the
Hter rotation.

Deuatsch has giver a complete description of the field
of & rotating sphere'. Following this work wo shall intro-
duce an inertial reference svelem (v, 0. g) baving its
origin in the contre «f the star and axis w, 1 we assune
that the internal fielc ia frozen into the star, its components
can be written

Hir,0,0)=e.H, (r.0 W) +egHgir, 8, 3)+e  Ho(r, b 2] {2)

whers 3 is an azimwuthal coordinate measured from
meridian fixed in the star. In the same reference system
the internal eleetrie feld s given by
E = =pufwxr <« H (8]

If we smpose the continuity conditions at the surface of
the stur for the fisld eamponents, the external field s
fully determined by che Maxwell equations.

Let H, be the surinee value of the magnete lield and
u be the radius of the star: the general expression for the
pxtornal electromagnotie field furns out to be very come
plicated* and 1 shall only give its mmpﬁnent-s‘iu the
near rogion r<iofw) and in the far-wave region vz (efea),

fa} In the noar reaion the field rotates with the stae
and depends on the azimuthal eoordinate 3 which 1s
memsired Trom o meridian fixed o the star, The com.
ponents are
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(h) Far-wave zone #3=(efew); in this cass the retardation
effects domunate and we obtain
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If the meagnetio and rotution axes coineide, there is no
radiation field: the electromagnetic field external to ghe
star can he cbiained simply by putting 2=0 in the 2ot o
equations (4] and (5).

By using eqguations (6} and (7} wo can obtan the
Poynting veetor and evaluate the rate at which the
rotational cnergy W oand the anpular momentum Lo
radinted away from the star. The result is

d ¥ Zrnewip H
Rt _j-c.-‘l " at H tsin® a 18]

and-

il 1 dw

dt T w dt (9
Onee the vlectromagnetic waves are emittod and start to
propagate, they will he reflected by the etreamatellar
gne if tho plasma Frequeney excoeds the radiation fre-
quemey®. In our case thig eertuinly noours for every eon-
ceivable valoe of w and gas density, snd the electro-
maygmetic waves will be unable to reach vs.  Generation
of high onergy particles can, however, he expreeted in the
region where the waves are reflected and eause a rapid
compression of the nebular pas.  Because the radiation
pattorn of the star is dircctional, it becomes possible to
speculute whether o pulsed radio sourse arises beeause of
thiz penodical gas compression and conseruent accelera.
tirn of particles. From an encrey paint of view no diffi.
culty arises: the period of pulsar OF 1010 corresponds
to w=4-7 g-! nnd if we assume & sin oo~ 10091 raass tho
energy oulput is 0¥-10% crps 571 in agreement with the
vbservational requircmoents.  On the other hand, lfor o
newly formed neutron star, rotations] frequencies 100 or
even 100D times larger are perfectly possible and the
energy output. corresponding to felds of 107 paoss ean
e ag high as 10 erg st The high rotational voalooiby
itself could wash out the pulse structure and lead to o
eontimmiem emision:  this sibuation possibly corresponds
to what 18 ohserved in the Crab Nobula,

Finully, in this model a pulsating radio souree wonlid
shiow a relatively slow change in pemod. From equation
{8) we con obtuin an expression for the rotstionnl energy

1'II'=|:II."2:I_.1: _.-1! o® w? left ot o certain time ¢ as o Function
of the original rotational energy, We have

v, ; dmatl ; "
ﬁ’"('r'] = | 4 T E 3 (H8in e)® ¢ (16

For u neutron star we can assume k=02, a=10% em ang
M=2u 1 g, As Wee T2 wo have for the periods

T'="f'3I:1+1'3:n:1“'“:.1=H:Hi|:|=|:gf1.l.r=| iy

where Ty is the initial rotation pericd. We ean then pug
o limit to the product H sin e for the pulsar ©F 1019
because we know that the fractionn change in period
AT, over 1 ¥r ecannot excead 10-7,  This Eives i,
sin oz < 10 ppyss,

1t was my chisf concern te discuss some poseibilitics
which arise when the sblique configuration for the il -
netie fiecld of a rotating neutron star is assumed. In
particular, 1 wanted to show that the model leads to g
release of rotationol energy from the star ot a rate which
can agreea quantitatively with the requirements sither of
the pulsars or of ohjects sueh os the Crab Nebula.

I emphoesize, however, that the cousiderstion of tha
cirenmstollur plasma s going to he of prime importanes
in severnl respects.  This plasma is the place where the
raciotion we actually observe originates: the rotating
neutron star only provides the cnergy source ond the
timing of the basic vxeitation (periodic compression of
the plasma by the low frequency clectromagnetic waves),
Hoyle, Marliker and Wheeler® iave noted that the soals
height for o nentron star is very emoll and therefore the
density of the gas that may exist outside the star is also
eoall. Furthermore, the pressure exerted by the radie-
tion iz enormous and any residuum of goas near the star
would be swepl outwards, The neutron sear iteell will
therefore be surrounded by the vacunm (ot least as long
as radiation pressure dominates over pravitational ncere.
ticen) but, farther awny, the electromapgnetic waves will
boe reflected by the interstellar pas. The equations (8) to
(L1} pssume radintion in o vacuom: whether or not the
sama Jogs of rotational energy ovoirs in renl life seems to
hinge on what happens to the energy and angular momen-
tum of the electromagnetic waves when they interact
with the plasma,

Finally, we note that the same model could also apply
Lo a very rapidly rotating white dwarf, In thiz case,
however, magnetio fields of 10 gauss geem vory unlikely
and it would be more diffioult to schieve the right con-
ditiona in the vircumstellar gs.
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