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Viewed with the eyes of a cladist heaven is a big 200 of stars and in fact most books on
astronomy are written in the spirit of Brehm's animal life. In the eyes of an evolutionist
the sky is an instantaneous picture of stellar evelution. There are the (dark} clouds from

which stars form by gravitational instability. The Herzsprung-Russel diagram puts active
stars into perspective. Novae, supernovae and all possible kinds of burst phenomena show
that stellar life is not eternal and the very composition of our earth shows that stellar

rebirths are not only a possibility but must have occurred quite frequently.The most spmctacular
objects in the star Z0O are the pulsars. In the broadest sense pulsars are stars that produce
pulsed radiation (and not pulsating stars), with time scales ranging from u-sec to hours.

Strange encugh stars do net like to produce pulsed radiation in the optical but prefer instead
the radio, RYntgen and y-ray band. Consequently and since most stars prefer to produced
pulsed radiation in only one frequency band we call these stars radio-pulsars Rtntgen-pulsars
and y-ray pulsars.

There are some 330 radio pulsars and 3 of them have been found to be in binary systems. All
radio pulsars emit extremely regular pulsed radiation and careful measurements over many yems
have led to the conclusion that the radio pulsars are extremely good clecks with a stabilicy
AP/P n 10'11 over several years. While some pulsars do show irregularities in the period of
this order of magnitude others have not yet revealed any timing noise (AP/P < 10'12 over 5
years) and a statistical analysis of 50 pulsars indicates that if at all noise activity is
correlated with the dimensionless quantity ?. Apart from this unresolved timing noise SOme
pulsars also show discrete speed-ups of order AP/P ~ 1078 - 107%. The noisiest pulsar is PSR
G611 + 21 and it also shows the second largest speed-ups. Figures 1 and 2 and Table 1 summa-
rize some of the observations.
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FIGURE 1 - Plot of activity parameter FIGURE 2 - Plot of AP/P versus period de-
versus period derivative. Arrows denote rivative.
upper limits.
(*] From to clad = to clothe. Cladism in the broadest sense is the attempt to ordercobjects

by their morphological appearence. Evolutionism tries to put the objects into a causally
related perspective.
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TABLE 1

CORRELATIONS OF ACTIVITY PARAMETER WITH OTHER PULSAR PARAMETERS

PARAMETER CORRELATION COEFFICIENT

Period P - 0.27 (-0.23)
Period derivative p 0.51 (0.60) |
Spindown age P/2P « 0.57 (~0.63)
Chronclogical age t = 0.61 (-0.66)
Magnetic field B, a(PP)}/? 0.37 (0.43)
Galactic height z - 0,08 (-0.14)

Z velocity v, 0.33 (0.37)
Luminosity L - 0.18 (0.20) _
White noise ' o 0% 0.15 (0 £ 0.18) .

Radio pulsars are concentrated in the galactic plane and judged by the distance inferred from
their dispersion measure they are rather local objects. Fig. 3 and Table 2 summarize sSome
observational results. The pulsar 1929 + 10 shows a measurable annual parallax so that its
distance can be determined directly.

FIGURE 3 - An equal area projection of the distribution of the 330 known pulsars in galactic

coordinates. The galactic centre is in the middle of the figure and longitude increases to
the left.
TABLE 2
PARAMETER RANGES OF RADIO PULSARS
i P M Sa00 d z 1 B,
_ -15 -3 :
{s) (1077} (em™"pqg | (mIy) (kpc) | (kpe) | (Myr) |(geuss)
PSR (min) Jos51+21{1952+250950+08[1919+20{1929+10]0148+06 {0531+21{1913+16
Minimum 0,033 o0.002 2,97 1 0.08] -0.94] 0©.001( 2.3B10
Median 0.670} 2.35 79 20 2.% 0.00| 4.8 1.2B12
Mean 0.842} 9.52 | 109 67 3.3 -0.02| 30 1.8E12
RMS Dispersion| 0.587] 32,9 100 304 3.0 0.38]199 2.3E12
Maximum 4.308|422.4 530 5000] 19.3 1.33(3360 2.1F13
PSR (Max) 1845-19|0531+21 [1900+06{0833-45 [1302-64 | 1620-08 (1952429 0154461
P Period B ,

P Period derivative
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The pulsar slow-down resembles in many respects that of the earth, which also shows noise in

the length of the day (and maybe even speed-ups).
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FIGURE U - Spectrum of 1.0.d. changes based on astronomical cbservations taken since the eary
nineteenth century. '
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FIGURE 5 ~ Values of my and h from 1820 to 1975.

If it is possible to scale pulsar pa-
rameters appropriately to earth para-
meters both astrophysicists and geo-
physicists might learn from earth other,

Let us turn next to the R¥ntgen  pul-
sars. Of the 10° RUntgen sources  dis-
covered so far, some 10% may be related
to pulsed sources in the sense of our
definition. Of special interest are of
course the true pulsars and the so0-
called bursters. While it has not been
possible to extract much information

about the underlying objects from sngle
radio pulsars the Rbntgen pulsars (and
the binary radio pulsar) have added
valuable information to our knowledge

{without too much theoretical input).
Nevertheless it is fair to peoint out
before a discussion of some of the more
exciting results that theoretical modes
are indispensable and the theory is in
bad shape. In fact many theories can

explain (often in a rather ad hoc manner) some of the observations but no one can explain all
{or even most) of the observed facts. The predictive power is around :2ero. Different

approaches have been followed. The first is to discover the underlying mechanism that gives
rise to the pulsed emission with the ulrimate hope to unveil therby the underlying object.The
second is to devise a theory of the underlying object first with the hope to learn something
about the radiation mechanism. Observers have moreover followed a more pragmatic approach and
have collected sets of parameters which have allowed them to bring some preliminary order in

the

pulsar Z00.
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In this way it has been shown that many pulsars are neutrom stars (Some Rintgen pulsars are
white dwarfs and possibly one is a black hole}. )

IABLE 34

MASSIVE X - RAY BINARIES

a - Bxamples of persistent strong sources

SOURCE TPE [P ()] Prug, msin® i | e
SMC X-1 |Bor1 3.9 0571 0.8 « 12.5[0.00
0900-40 {BO-5Ib 9.0 2835 1.4 + 21.3{0.09
Cen X-3 |06.5II-I1If 2.1 4534 1,4 + 17.2]0.00
1233-62 |Bl.51ab 35.0 6983 1.4 + 31 |o0.44
Cyg X-1 }[09.71ab 5.6 - 1.5 + 2,410.00

b - Examples of weaker or transient pulsating sources

SOURCE TYPE [Py ()| Ppuige msin i| e
0115+634 |BO 4.3 | st

03524309 : L

(X ber) |09-SITI-Ve]581(1) 853

0535+262 | BOB |»17 104%

11184615 [ BOe e aes®

1145-619|B1Vne [

1728-247|M6I11 + - °
(GX1+4) |+ hot star{ . .

1297° or 292%
138% + 116%

TABLE 3B
LOW-MASS X-RAY BINARIES
SOQURCE | Sp. TYPE Porb Ppulse “opt “x z
Her X-1 |A-F 1970 152 |2.2 1.3 3 kpe
Sco X-1 |Accr. disk}e%787 ~ew 1€} - pe-- 400 pe
1627-673|Acer. disk|41 min[ 737.[0.05 - ln1.4(7){---
2129+47 |G-awar£(?) |sh2 N Y T -
Cyg X-2 |F-giant [oP843 | --- lo.5-1.1 [1.3-1.8|1.5kpc
TARBRLE 3¢

BINARY RADIO PULSARS

NAME

Ppulse orb

PSR 0656+64]0°196 |24741%|0.00
PSR 0820+02[0%865 |3.1 yr|0.00
PSR 1913+16|0%059 | 7M4s®l0.62

By now rather redundant data show that a typical pulsar mass i2 just about the thandrasekhar
mass M = 1,4 Mg . The radius of a neutron star (as infe;red from the ??rsterg) is some 106cm
as predicted by theory and the moment of -inertia I A~ MR™ is around 10 g ¢m” as it must. The
surface magnetic field strength is some 1012 Gauss a5 inferred from the Cyclotron ob~
servations and the magnetic moment M is some 1037 Gauss cm® as inferred from pulsar slow-down
or RYntgen pulsar speed-up in agreement again with the expectation since M = BRB.

4
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At least one subgroup of the RUutgen pulsars is distributed more isetropically about the
center of the Galaxy implying that there are some Methusalems among the RUntgen pulsars,
which among other things implies that the magnetic field of neutron stars does not decay or
can be regenerated (see below).

The y-ray sources are as yet mysterious objects and there is much to be learned from them in
the future.

FIGURE § - y-ray sources: a catalogue of unidentified cbjects. The second COS B catalogue of
high-energy gamma-ray sources, shown in galactic coordinates. Observations covered the un-
gshaded region. Filled circles denote sources with measured fluxes > 1.3 x 10'6 photons

(> 100 MeV) cm? s™l, while open circles denote sources below this threshold {from
Swanenburg et al,, 1981}.

In contradistinction to the radio pulsars the y-ray and RUntgen pulsars are seen all through
the Galaxy and their number density peaks at the galactic center.

In the pulsar 200 there are of course exotic animals and it may be interesting to presert some
in more detail although it is not clear that they will reveal ultimately more about the
nature of pulsars than the bulk of the less spectacular ones.

Top rank has still the Crab nebula pulsar. It served to identify pulsars with rotating neu-
tron stars and to “explain' the energy source and morpholegy of the supernova remnant to
which it is related. It shows pulsed radiation all over the electromagnetic spectrum from the
lowest detectable radio frequency up to maybe 1012 ev ¥-rays!

Competing objects for ramk first are 55433 and the binary pulsar. $5433 can be viewed as a
scaled-down version of a quasar and is probably also related to a supernova remnant (W50)but
no neutron star has yet been discovered at its site. The binary pulsar PSR 1913+16 may enable
the (indirect) detection of quadrupole gravitational radiation and thereby test Einstein's
formula. It is furthermore the ideal test laboratory for relativistic effects and may soon
become the classic textbook example for the latter. Unfortunately PSR 1913+16 is very far
away and therefore very weak and can only be studied with the biggest radio telescopes of the
world.

Among the RiUntgen pulsars (see Table Jtwo are &special interest: Her X-1 and Cyg X-1. Her X-1
is probably a system older than 10" years and yet shows pulsed radiaticn and a Cyclotron line
correspending to a magnetic field of 1012‘6 Gauss. Cyg X-1 may be the only good candidate for
a black hole.

Among the y-ray sources one was especially spectacular. In May 1979 a y-Tay source turned on
with a period of 8 sec., The rise-time of the first pulse was unresolved but shorter than 1
a sec! This short rise-time is the strongest argument in favour of the hypothesis that  such
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bursts are duc te the impact of an asteraid or comet onto a neutron star. For a typical burst

v 20 .
energy of 187 e¢rg some 10°° p of fuel lar each hurst are needed. The recurrence rate for the
y-tay bursters is cstimated to be one per year and this high rate may present some difficulry
for this model at least if one assumcs that the asterpids are interstellar. So far no ce-

lestial object has been positively identificd with an y-ray burster at other than y-ray
energies.

This ends the cladist's walk through the pulsar Z00. In the next sections we iry to establish
pulsar Darwinism and seek (mainly for observational) evidence of pulsar evolution. Clearly
some pieces of theory are needed and these are provided in essay form in the next two sections.
Each section (including the present one) is self-contained and can be read independently of
the athers.

2 - THE SLOW-DOWN EPOCHS OF RADIO PULSARS

The relative importance of magnetospheric currents and low frequency waves for pulsar braking
is assessed and a model is developed which tries to account for the available pulsar timing
data under the unifying aspect that all pulsars have equal masses and magnetic moments and
are born as rapid rotators, Four epochs of slow-down are distinguished which are dominated by
different braking mechanisms. According to the model no direct relationship exists between
"glow-down age” and true age of & pulsaramd itleads to a pulsar birth-rate of one event per
hundred years.

Based on theoretical arguments about the progenitors of pulsars there exists the possibility
that all neutron stars have essentially the same mass (Pines, 1980; Kundt, 1977) M and the
same magnetic moment (Ruderman and Sutherland, 1973; Levy and Rose, 1574) M. The best direct

determinations {Taylor et al., 1979; Trimper et al.. 1978) support this view and give
Mz 1033'5 g(the Chandrasekhar mass} and e 1030 Causs cm” and theoretically inferred va-
lues for accreting binary systems (Ghosh and Lamb, 1979; Pines, 1980) show a surprisingly
small scatter. Can this apparent uniformity for the binary pulsars be reconciled with the
timing data for (single) radio pulsars, of which many may also have been binaries for some
time?

After the identification of radioc pulsars with rotating, magnetized neutron stars (Gold,1968)
and the proof that they must be surrounded by a magnetosphere (Goldreich and Julian, 1969;Mes
tel, 1980) independent of the work function of the neutron stars surface (5turrock, 1971; Ru~
derman, 1980) progress in understanding the long-scale aspects of the magnetosphere, which
determines the braking of the neutrom star's rotation, has been slow (Meste, 1980). The
theoretical analysis of pulsar braking is hanpered by two facts: no self-consistent solution
for a pulsar magnetosphere has been found and the pulsar timing data seem to reved more about

the neutron star's interior than about its magnetosphere. The profuse wealth of radio ocb-
servations can at best be used as a diagnostic (Meste, 1980) for the slow-dewn process. There
is nevertheless no lack of theoretical models trying to explain the observational data and
in most theories it is assumed that the neutron star is slowed-down by the combined action of
a plasma-current-torque and a vacuum-wave-torque. This leads te the well-known result that
there is a deficiency in "old" pulsars {as measured by their “slow-down age"” P/P] and the

inferred magnetic moments vary by two orders of magnitude. Worse still is the derived pulsar
birth rate (Kundt, 1977} of one event per tem years if the half-life of a pulsar is 106 years
as follows from the standard slow-down theory. These facts are the wain excuse to present a
new model for pulsar slow-down and it seems appropriate to list the assumptions on which the
model is based: (1) "young" pulsars produce so much plasea by means of "sparking” (Sturrock,
1971; Ruderman, 1980) that within the plasma no low-frequency wave can propagate (Asseo, et

al., in press; Ozernoy and Usov, 1973). (2) as pulsars “grow older" sparking becomes less
effective so that eventually low-frequency waves can be emitted within the plasma. (3)out to
the velocity-of-light-cy.inder (i.e., that part of the magnetosphere which, were it to
corotate rigidly, would rotate at the speed of light) the Goldreich-Julian (Goldreich and

Julian, 1971) model as extended to the oblique rotator by Mestel (Mestel, 1971) describes the
long-term aspects of the magnetosphere. Minor modifications such as a current-regulating net
charge and discharges due to radiation friction will be worked later into the model. (4)
Considerable perpendicularity between magnetic moment and the spin of the neutron star ocCurs
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during the first epoch, where the torque is dominated by currents in the plasma. The present
mod-1 accounts for this perpendi&ularity if the star can be treated as a sphere so that free
nutation is mot possible (Geldreich, 1%70; Flowers and Ruderman, 1977). However any other
(internal) mechanism which leads to considerable perpendicularity will lead to the same con-
sequences {(cf. ref. 18 and the further references quoted therein). The Goldreich-Julian model
of the pulsar magnetosphere predicts an excess charge-density in the magnetosphere .

.t

- - I )

and an average currente
= chU (2)

along the open field lines which leave away from the surface area AF centered on the magnetic
poles ("polar caps"). Here # is the spin angular velocity, % the magnetic field, c the wekbcity
of light and Eﬂ a4 unit vector in the direction of B, For the star not to charge up idefinitely
there must be a back-current which flows along magnetic field lines further away from the
centre of the polar cap. It will be regulated by a net charge as discussed below. To close
the current charges must flow within the neutron star across the magnetic field lines and it
is this current which breaks the neutron star's rotation. In the Goldreich-Julian model it is
assumed that energy and angular momentum are dissipated beyond the velocity-of-light-cylinder.
Within the velocity-of-light-cylinder the charges move along the magnetic field limes like
beads on a wire and by their current provide thus a “magnetic spring” between the neutron
star's surface and the matter beyond the velocity-of-light-cylinder. Its torque T is given by

1 + -*

T--mJ(r.ﬁ)rxﬁdF (3)
where T is the radius vector counted from the centre of the star and the integral is over a
sphere of radius r. The current of eq. (2) leads to a counteraligment torqdb {Flowers and
Ruderman, 1977) between §i and M, in contradistinction to the torque exerted by low-frequency
waves propagating in vacuo, which (if not impeded by nutation (Goldreich, 1970)) leads to

aligment {Davis and Goldstein, 1970; Michel and Goldwire, 1970}. The counteraligment torque
is easily understood if one notes that a current flowing through a magnetized sphere will set
the sphere into rotation about magnetic dipele axis M and the current of eq. (2) is so direct
(Lenz 'tule} that is reduces the rotation about the original axis. Both in the plaéma and in
the vacuum case the star acts such as to minimise the applied torque and stores some raational

energy into rotation about a new rotation axis. In the dipole approximation the golar cap
surface areaAF is given by (Goldreich and Julian, 1969; Sturrock, 1971) AF = 2¥R° (aR/c)where
R = 106 c¢m is the radius of the star and in a coordinate system centered on the magnetic
dipole-axis we find for the toroidal component of the magnetic field
. _ B dF
BQ T Imc K sin 8 )

which leads by means of eq. (3) to
2
]
Tp,_--a:s(ﬁ.ﬁ)ﬁ {5)

where N = R*E is the magnetic dipole moment and a = 1, From the corotating part of the mag-
netosphere we obtain an induced magnetic field parallel to the rotation axis which leads to
an extra torque (by means of the magnetic dipole moment ®) on the star :

=l‘l',,;--- E?é, (F .08 x N (6)

where v T i. BEq. (5) and (6) may be compared to the vacuum wave torque {Goldreich, 1970; Da-
vis and Goldstein, 1970; Michel and Goldwire, 1970)

2 .
f" = -B ES (ﬁ x a} x ¥+ ElI . N g x# _ - (N
. < <
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with 8 = 2/3, It has been common to assume that both plasma and low-frequency waves will
(somehow) contribute (more or less cyquially) to the slow-down torque, which leads to the well-
known large scatter in inferred magnctic dipole moments. This assumption will be shown now to
be quite wrong. If low-frequency waves cannet propagate within the plasma they cannot exist
outside either. Apart from a transition period where the plasma may just allow for low  fre-
quency wave propagation (the duration of which is difficult to estimate as it depends on the
sparking mechanism) a pulsar is slowed-down exclusively by either the plasma-current-torque
eq. (5) or the vacuum-torque eq. (7).

The most favourable conditions for low-frequency wave-emission obtain for the orthogenal ro-
tator and we assume that the plasma which flows out of the velocity of light cylinder fills
the space about the equatorial plane, consequently the waves are emitted into a plasma dead-
zone centered on the rotations axis. Let us assume that the two zones are separated by a cone
‘of half-angle ¥ (counted from the rotation axis) and as first approximatiom (Ozernoy and Usov,
1973) that the plasma is infinitely well conducting. This problem can be solved exactly. The

solution of the vector-Helmholtz-equation may be taken from Morse and Feshbach (1953). One
finds that the TEM-mode dominates and the dominant radiation mode is given by the lowest n
for which
n+1l- .1 n 1 .f * .
m Pa-p (605 ¥} - g5y P,y (cea®) = 0 &)
1 .1 ) SRL L 'y
pn(cos?)-ﬂ-(“—z—) sin ¥ F (1 -n, 2 +n |2f 1—-‘2‘23-—) (%)

F in eq. (9) is the hypergeometric function which for noninteger n is regular in the  upper
hemisphere where eqs. {8} and (9) hold. If we let the conducting cone shrink to the equatorial
plane one obtains the well-known Deutsch solution (Deutsch, 1955) with n = 1, For a thin
plasma sheet (¥ = 7/2 - ¢) one finds approximately

» o
12 = (1 - cos ¥)(n® (n + 2)(n + 3)-(1 - n¥)(1 + n)(2 - n)) 19)

which shows that n is larger than one. The radiated energy rate is

Zn
oo~ 2 3 1.
EZ - x 3 b1l 11
3eR% x @ ) an

For a finite thickness of the plasma sheet the emission of low-frequency waves is so strongly
reduced (n = 2 for ¥ = =/4) that the wave pressure cannot balance the plasma pressure at the
boundary and the plasma fills the whole space. As an aside we note however that if the
plaswa is asymmetrically distributed in the two hemispheres, such that one cone has ¥ > %/2
(plasma swept back ward e.g. by the pulsar's proper motion? (Tademary and Harrison, 1975))ra-
diation emission is enhanced snd such a state may be called superradiant. A young pulsar will
therefore be slowed-down exclusively by the plasma current, an old one by the wave-torque and
in the transition epoch we may have

2 p ’
Jod s oG ana-eL sy Masn (12)
c C c

where J is the angular momentum and I the moment of inertia of the neutron star, I :40‘sgclz.
Together with the "equation of motion" for the dipole moment M, which is frozen into the star

N=3xN : (13)

one obtains easily the eveclution of the slow-down. With the help of the first integral

(92 sin2 o

g® const {14}
{8” cos™x)
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where x is the angle between $ and M we obtain for young pulsars, for which g = D,

sin y = sin y; (%}) - (18)
R=q; (1+ctgl xy (1-e 7YV e

which reads for small times

2
a=0 Q- Fz ctg? Xt T @ ctg? X * 3 ctgd x;)) ' (17)
2 X M211c3 T = 1/Te is a dimensionless parameter which measures the
cbserver's time t in units of the e-folding time T, of the model. The index i refers to i-
nitial values. Before we turn to a discussion of eq, (16), which (apart from the demonsration
that plasma and vacuum waves cannot coexist) is our main result, let us discuss briefly ope
further important parameter for pulsar timing observations. The so called braking index N=-¥§
is given in our model by f

where T = Zaﬂ% sin

Ne=342 {g - u]z cos” x sim” ¢
(a cos” x+ B sin® x]z

(18)

and is never smaller than three due to torque minimisation. Observationally N is known only
reliably for the Crab pulsar (Groth, 1975; Cordes, 1980} where N I 2.,5. Rewriting the energy
balance equation in the form

zash ---Hah ' as)

where F = 4nR2 is the surface area of the neutron star, we see that a braking index smaller
than three may be explained if the pulsar's crust is shrinking (Smoluchowski, 1970;Smiuchowsk
and Welch, 1970; Cordes and Greenstein, 1980) at a rather large rate, or by a slightly larger
polar cap AF/F = (nR/c)zls. In fact in some theories (Ter Haar, 1972) the pulse width AP and

the period P are related as (aP/P]2 = AF/F) and the observations of the Crab pulsar, where
AP/P -~ 1/5 is rather large (Ter Haar, 1972), would fit better with AF/F = (nl?./m:)z/3 leading
to a braking index N = 3 - 2/3 + 2 tgz x- In the next section we shall show that a non

axisymmetric current flow can also lead to enhanced braking.

Let us show now that the model is flexible emough to account for the available timing data
under the severe restriction that all pulsars have the same moment of inertia I = s gcm2
and the same magnetic moment M = 1030.5 Gauss cm®, To obtain t, from the observations we
identify those pulsars with anomalously low period derivative with the stars in our model
which pass through the end o{ the first epoch. We have from the observations Q@ - 2nsec Iwhich

gives f; . sin x; = 27 sec’ = so that

- 1ab '
te = 107 years I, Mg, o (z20)

Observationally the two most extreme cases are the Crab pulsar and the binary pulsar. Eq.{20)
would lead for them to sin x; = 1071+5 and cos Xi = 10715 respectively if we assume that
both are young objects. To explain the binary pulsar in this way one needs a nearly ortho-
gonal rotator and one may worry if eq. (12) is still valid for this case. It requires 8 <10™?
and cosz X < 10'3. For the binary pulsar (ﬁR/c)z < 10-5, which according to the previous
analysis guarantees that B < 107% and inspection of the current as given by eq. (Z)shows that
it can be closed hlong the magnetic field lines through the star so that it does not lead to
a torque. The braking is then no longer effeted by the current of eq. (2) but comes about
through secondary energy losses such as sparking. Taking Ruderman's estimate (Ruderman, 1980)
of that energy for the (faster} Crab pulsar of 10 3. 1034 eTES sec”! we see that this would
just lead to the observed braking of the binary pulsar. The first epoch, wich lasts some 106
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years accounts for roughly one half of 1he pulsars under the assumption that all are born as
fast rotators. The other half can he cxplained in the penultimate epoch of pulsar slow-down,
where Vacuum waves can be emitted in the presence of plasma so that the period derivative

goes back to its “normal® value.

Note that in the present model the "slow-down age™ is not related to the true age, only  the
period itself is a crude measure of it. The mean active life as determined by Ohmic dispation
can exceed easily 107 years {Flowers and Ruderman, 1977), which brings down the pulsar birth
rate by a factor of ten, in comfortable agreement with the more conservative estimates of
super-nova rates and the lack of discovered neutron stars at their centers (Helfand,b1980).

Before we discuss the final epoch let us discuss some subtle points of the present model. We
have so far only assumed that the current of eq. (2} flows on the average without demonstating
how it comes about. Of course a rigourous demonstration requires a self-consistent solution
of the magnetosphere problem, so only the following qualitative argument can be given.Accord-
ing to the Goldreich-Julisn model particles cannot stay within the velocity of light cylinder
far the same reason that they cannot stay within the star: large electric fields would pull
them out. The effect is such that the charge with the correct sign as given by eq. (1)will be
pulled out, charges with the opposite sign however are pulled in on the same field line. This
shows that a pulsar must have a net charge (Jackson, 1976} Q to regulate the plasma out-flow
such that the star does not charge up indefinitely. Some of the charge will be distributed
over the polar cap AF and most of it over the boundary of the corotating magnetosphere and as
it must be able to influence the dynamics of the plasma at the velocity-of-light cylinder it
must be of the order of

- 4.8
Q== 0
Such a charge reintroduces what the Goldreich-Julian model tried to aveid: large electric

fields, so that we have essentially shifted the whole problem from the surface of the neutron
star to its velocity-of-light-cylinder, sufficiently far away however that the star does mnot
get heated too much (Pines, 1980; Helfand, 1980). Note that the net charge as given by eq (A}
will not give rise to a back-current from the interstellar matter to the pulsar during its
"active life" as the pulsar is well shielded by the el.mag.fields of the magnetosphere or the
vacuum waves which both fall off like r'l whereas the monopole field falls off like :r"2 50
that the force balance is in fact at the velocity of light cylinder. In the penultimate slow-
down era, which is dominated by low-frequency waves this charge and the corotating {qua-
drupole) charge of the magnetosphere will alsce radiate and this leads to a friction force on
the magnetic field lines with non-vanishing curl. To compensate for this, the particles must
drift across magnetic field lines giving rise to a net curreat out of the corotation zone,For
the quadrupole radiatien from the corotating magnetosphere we get for the time-scale of the
ensuing discharges some 108 pulsar periods and a much shorter time scale for the dipole
radiation due to the charge given by eq. (21). These discharges may be related tc the nulling
phenomenon and may give rise to slow-down neoise {Cordes, 1980; Cordes and Greenstein, 1280)
but not to any directly observable speed-ups as the inertia invelved is too small.The present
model does not explain why pulsars turn off unless sparking ceases to be regular enough to
allow an cbserver to detect the object as a pulsar, but it appears that even accretion may
influence the final era (Wright, 1979) especially if the pulsar has become an aligned rotator
by then. An attractive explanation is obtained if one combines the pulsar extinction hypo-
thesis (Michel, 15975; Hill, 1580) with the decay of the magnetic dipole moment (Flowers and
Ruderman, 1977} which regulates the pﬁysics at the velocity-of-light-cylinder. The observed
cut-off period P - 4 sec would then not be mainly a consequence of plasma inertia bur rather
reflect the time-scale for Ohmic dissipation im the pulsar’'s crust which may vary consderably
from pulsar to pulsar depending on its thermal history at birth., According te the present
model such neutron stars will slow-down in the final era by quadrupole radiation (or plasma
currents) on & time scale exceeding the age of the universe and only if they traverse dense
interstellar matte} may they be slowed-down more effectively by accretion (Wright,1979), The
y=-ray transient (Terrell, et al,, 1980)}with a period of 8 sec could in fact be such an old
pulsar, whereas the y-ray source CG 195,5 + 1,5, if its periedicity of -59,.35 sec should be
confirmed (Bzel, et al., 1980), should rather not be identified with an old pulsar according
to the present model, which predicts ultimate periods around 10 seconds fordead pulsars, ins-
tead of 60 sec as deduced by Michel (1975} under the assumption that the dipole field does na
decay.
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It is shown that a braking index n = Hh/é as low as n = 2.5 can be explained in the canonicd
(geometrical) pulsar slow-down model if plasma inertia is taken into account. Older pulsars
where plasma effects are less important should have n > 3 .

A long-standing, unresclved problem for the canonical pulsar slow-down theory (Geldreich and
Julian, 1969; Mestel, 1981) has always been to account quantitatively for apraking index n as
low as 2.5 as it is observed for the Crab pulsar. Apart from what one may call "models of
despair" (Sturrock, 1971; Michel and Dessler, 1981) no plausible explanation has been offered.
In fact, as stressed by Radakrishnan (1981), there seems to be a large gap between pulsar
theories and pulsar observations. The reason for this is simple: most data gathered by the
observers have no apparent bearing on the overall dynamics of the magnetosphere, After  some
12 years of extensive timing measurements it has become apparent that those pulsars which sbw
down fast enough that a second derivative of the rotational frequency @ should have become
measurable by now are much too noisy (and conversely, the noise-free pulsars do not slow down
fast enough to show a measurable second derivative within 13 years). Thus in the decades to
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come we will learn a great deal about pulsar slow-down noise, a situation familar to the
geophysicist from the slowing down of the carth (Lambeck, 1980). Without slow-down noise the
third derivative of the Crab pulsar and the second derivative of the Vela pulsar could have
already yielded valuable information about the dynamics of the pulsar magnetosphere. In such
a (for the theoretician) frustrating situation one must be thankful that data of the Yela
pulsar have finally become available in published form (Downs, 1981), which lend support to
the idea that the Crab is an exception rather than the norm with its (Groth, 1975) n = 2.5.

Downs tentatively concludes that for the Vela pulsar n > 3, which is what standard theory
predicts. It is then tempting to speculate that the low braking index of the Cradb pulsar is
related to its youth, i,e, to a plasma effect for young pulsars. Here we wish te report

preliminary results of an admittedly crude pulsar model which is capable of explaining these
facts in a natural (though phenomenclogical} way.

The model we adopt for pulsar slowdown is the standard magnetosphere model as worked out by
Goldreich and Julian (G.J.) and by Mestel and his group (Meste, 1981: 1980) wodified in two
essential points: a current-regulating net charge Q = iM/c (M: magnetic moment of the neutron
star} 15 included (Heintzmann, 1981) and the return current is allowed for to flow ASYER&~
trically about the outgoing current. We will now show that such a "bipolar" current  exerts
a much larger torque on the neutron star since the torque does not vanish outside the polar
cap {as does the torque of a 'monopolar”, i.e. symmetric, current).

We start from the 6.J. current Jas

i1}

EGJ Ith CEO gy © T Za€ (1)
Here Eo is a unit vector in the direction of the magnetic field B, 53 is the G.J. charge
density which is necessary to short out the parallel component of the electric field and c is
the velocity of light. This current is supposed to flow along the "open field lines” which

leave the "polar caps" of area F = mR° (QR/¢), where R is the radius of the neutron star. The
net total current J per cap is therefore

J-Q-qGJcF--g-E—c- c (3B r g? (2)
Clearly this current transports a net charge away from the pulsar and it must therefore be

compensated for by a back current of equal magnitude in order not to charge up the pulsar
indefinitely, In Heintzmann (1981) and Jackson (1976) it is shown that the order of magnitude
of the net charge (including its sign) must be

]
Qret ™ F *

The introduction of a net charge changes the physics of the magnetosphere in an essential way:
it is no longer force-free, even not on the average! A parenthetical remark: while it is not
clear in detail how such a net charge will be distributed within the 1ight cylinder of the
magnetosphere, it is clear that a considerable portion of it must sit right on the pelar cap
to give rise to a closed (algebraic) current. As a consequence it is no longer clear from
symmetry considerations how the total current will flow. As we will now show,this uncertainty
introduces a new free parameter into the physics of pulsar slow-down. In principle one can
calculate the slowdown torque exerted on the neutron star everywhere: at the surface of the
star, at the velocity of light cylinder, or at infinity. As no angular momentum is stored
anywhere within the magnetosphere in the canonical model (see, however, the "despair models"),
Maxwell's equations permit the evaluation of the torque by means of both

’l‘,-%jh(}’xmdv-z%l(?ﬁ)?xidp (4)

where T is the radius vector centered in the neutron star.

A second parenthetical remark: pulsars slowed down by vacuum waves differ fundamentally in
this respect from pulsars braked by a plasma current. In the first case it is the coherent
radiation reaction which acts on the current carrying charges in the neutron star (which

could even be an insulator!); in the second case the neutron star is braked by & (surface)
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current which is determined from the G.J. current eq. (1) by means of div 3 =0 and which
therefore flows across the magnetic field. In the first case angular momentum is transported
by a vacuum wave right from the surface to infinity; in the second case the current provides
only the magnetic spring between surface and velocity of light cylinder where angular momentum
is imparted to the plasma wind (with frozen-in electromagnetic fields (Goldreich,1969).

In a frame having its polar axis aligned with the magnetic pole a "monopolar™ current will
flow symmetrically about the pole so that

i=dg = a3k g S (* - R ' (s)

whereas a "bipolar" current in its most extreme case will be of the form

J iR sy s (r-R S (2-9) (6)
i.e. the surface current flow exclusively along the latitude ¢ across the polar cap. Inte~-
grating eq. (4) with the current given by eq. {5} we find in coordinates centered on the

magnetic pole and where the z-axis coincides with Eo

=T = _ U NB L5 o oeinl
Tx = Ty 0 Tz = - :;7 BR” @ sin ec {1)

whereas for the current of eq. (6) we obtain

Ty cos ¢ {6, + % sin 2 Bc]
1Y J— 1
Ty| = -z BAlsing o, v 7 sin2 g (&)

2
Tz sin ec

In the canonical model sin b. = VURJE << 1 and we see that the torque given by eq. (8) is
approximately [Eic)"1 times larger than the torque of the symmetrical current given by eq. (7).
In the frame centered on the (unit) retation vector ﬁo which is inclined by the angle x to 50

éx - [ﬁo x Eo) x Eo {sin x)_l
& =8, x8, (sin 7 (9

we finally obtain in vector notation {adding the contribution of both caps!) with sin 8, = 8,
and ﬁo the unit magnetic moment vector

T=-%§El{ﬂ-za:’%‘i‘ﬁ ﬁoxﬁ-zﬁ’;f;(ﬁoxﬁo)xﬁ} (10)
For that part of T which slows down the star we find
%, = -%%;cos ¢ sin y cos x « 0°/? an
c
Note that the aligned (y = 0) and orthogonal (x = n/2) rotator are singular cases and the

effect of asymmetry vanishes. As can be seen from eq. (11), twe situations are possible, de-
pending on the sign of cos 4. For an isolated pulsar we expect cos ¢ > 0, implying slow-down
(Lenz rule), whereas for an accreting pulsar cos ¢ < D is a possibility, implying speed-up:
In order to find the magnitude of the effect for an isolated pulsar we proceed as follows.
First we estimate the asymmetry of the current flow from purely geometrical considerations,
i.e. we determine the shape of the polar cap with respect to the magnetic pole. Two  extreme
situations are possible:

’
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& - the near-field of an oblique rotator is given by that magnetic field which is obtained if
a static (vacuum) dipole field is rotated about an axis §. Physically this means that the
Maxwell displacement current % B is ncglected entirely.

b - the magnetic field is given approximately by the vacuum Deutsch solution, i.e., the dis-
placement current % 2 is overcounted since due to the presence of the plasma we expect
<% B,> = 0 for the parallel component E, = EOE.

For case (a) we find for the shape of the polar cap in coordinates centered on the magnetic
pole 8 = B (sinz $), i.e, the shape is symmetrical in ¢ and no geometrical asymmetry effect
does occur. For case {b) no analytical determination seems possible and we have carried out
some numerical calculations, The preliminary results show large asymmetries of the area « the
current with respect to the magnetic poles, and we may tentatively put cos ¢ 4 0.5. Having
estimated the geometrical effect we relate it to the dynamics of the pulsar plasma which slows
down the pulsar as follows by means of a Gedankenexperiment. Suppose we start to ratate a
magnetized neutren star from rest with the final angular frequency f. Initially only the G.J.
current (Goldreich and Julian, 1969) will flow and the magnetosphere will thereby charge up
until a charge of an order given by eq. (3} is reached so that charges will flow back to the
surface of the neutron star. By means of their inertia they will deform the magneit field at
the velocity of light cylinder, and when they reach the pulsar surface they will end on field
lines which lag the outgoing field lines by a lag angle cos ¢ of order unity. Thus we may
apply eq. (11) whenever sufficient plasma is produced so that the field configuration can be
modified at the velocity of light cylinder. Clearly this will largely depend on the total
plasma density produced by sparking (Ruderman, 1981) in the magnetosphere gaps and will
therefore be important for young pulsars such as the Crab. Is it alse possible that  heavy
ions may be responsible for the current of young pulsars (Ruderman, 1981), so that again a
plasma inertia effect is to be expected.

Apart from enhanced braking the torque as given by eq. (10) 'gives rise to considerable pre-
cession. In connection with ordinary stars such torques were previously encountered for
magnetic braking by a stellar wind by Mestel and Selley (1%70). These authors made extensive
calculations which confirm entirely our qualitative results.

Finally, one may ask why it is now no longer possible to evaluate the torque at the velocity
of light cylinder or at infinity, The reason of course is that we are still lacking self-con-
sistent ultrarelativistic plasma-wind sclutions which could be matched to our near zone  so-
lution at the velocity of light cylinder. The interested reader is referred to the excellent
review by Kennel et al, (1979) of this difficult but exciting subject.
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The evidence that radio-pulsars are slowed-down and R¥ntgen pulsars accelerated predominantly
by magnetic torques is now very strong. Angular momentum is transferred away from the neutron
star to the velocity-of -light cylinder {Goldreich and Julian, 1969; Mestel, 1971} or from
the Alfven-cylinder down to the neutron star (Pines, 1980; Lamb et al. (1978) by means of a
magnetic spring the physical origin of which is an appropiate current flowing along the
magnetic field lines, As this current must be closed at the neutron star’'s surface and no
Hall-field can be built-up a Faraday dynamo mechanism is set up. It is pointed out that this
mechanism could switch-off a radioc pulsar or turn-on a Rintgen pulsar. Many disconcerting
pulsar cbservations could thus be explained, if radic pulsars can be reactivated in the ga-
lactic plane by means of accretion of matter in dense clouds and if RYntgenpulsars must first
create a sufficiently strong magnetic field to function as a regularly pulsed emitter.

Soon after the identification of pulsars with neutron stars (Gold, 1968; Pacini, 1968) and
based on a rather small sample of radio pulsars it was pointed out (Ostriker and Gunn, 1869;
Pacini, 1969) that the observation of absence (which at that time might also have been absence
of observation} of long period pulsars could be understood if one assumed that the magnetic
field decayed on a time-scale of some My. In fact the radius R of a neutron star is so small,
typically R = 106 cm, that the decay time of the magnetic field L due to Ohmic dissipation
. 4oR?
T, 7 (1)

amounts to some My, if the conductivity of the neutron star's material is o = 1023 sec-l. and

for non-degenerate matter this would be a rather large value. However the matter of a neutron
star js extremely degenerate and due to the Pauli principle the conductivity o is many orders
of magnitude larger in the main body of a neutrom star (Baym et al., 1969). In fact in some
part of the neutron star the protons may actually form a type II superconductor (Baym et al.,
1969), Consequently only in the crust of a neutron star can the magnetic field decay,typicdly
within some 10 My if the neutron star is hot enough (Heintzmann and Grewing, 1972; Ewart et
al,, 19 ) (or if the crust material is very impure)}, and this would not lead to any appre-
ciable reduction of the neutron star's dipole magnetic moment {Heintzmann and Grewing, 1972).
Unimpressed by such theoretical considerations observers continued to discuss their ob-
servational results in terms of magnetic field decay (Lyne et al., 1975; Helfand and Tademaruy,
1977) and this essentially until today (Cordes and Helfand, 1980).

How to pulsars turn-off then, if magnetic field decay due to Ohmic dissipation i nt possible?
Three further ideas have been offered. The first is simply a variant of the magnetic field
decay hypothesis. It was pointed out that once the current in the crust has decayed the liquid
interior would allow the magnetic dipole field to reoriemt (Flowers and Rudernam, 1977)itself
lowering thereby the magnetic energy and form a quadrupole field. This reorientation of  the
poleidal magnetic field could however be impeded (Flowers and Ruderman, 1977} by the presence
of strong toroidal fields which are expected to be produced at the pulsar's birth (Heintzmann
et al., 1973) or in the pre-neutron star stage (Rudermann and Sutherland, 1973). The second
is based on the fact that externmal or internal torques may lead to considerable alignment
(Jones, 1976: Kundt, 1981) of the pulsar's spin axis with the axis of the magnetic field.
While there is probably agreement between pulsar theorists that the angle between dipole axis
and spin axis plays an important role in pulsar evelution (Heintimann, 1981; Rudermann, 1980;
Fujimura and Kennel, 1980} it is also evident that it cannot explain pulsar turn-off alone.
Therefore some other mechanism must be at work. In line with work by Sturrock (Sturrock,b1971)
and others (Holloway, 1973; Michel, 1975} Rudermann and his group have developed the idea
that sparking in gaps is responsible for the coherent radic emission of radio-pulsars and tha
the process depends sensitly on surface temperature and rotation period {Ruderman,1980). The
following discussion is also in line with these considerations and stresses, as will be seen,
the importance of the surface temperature. Summarizing the present state of the art cne may
say (with respect to the radio-pulsars} that a number of models have been developed which can
explain one or a few observed facts but none can satisfactorily explain all or only most of
what has been observed. However valuable extra information about neutron stars has come from
X-Tay observations, calling into doubt the simple picture cutlined above. There is(theoretical)
evidence (van den Heuvel, 1977) that Her X-1, which has a strong magnetic field as inferred
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“from the cyclotron line (Trimper et al., 1978) and which is quite hot (which should entrance
magnetic field decay) is some 500 My old and this argues strongly against magnetic field
decay. Furthermore many cyclotron lines have by now been detected in y-ray bursters and these
are probably old, occasicnally accreting {(binary?) neutron stars. Of special significance (if
correctly interpreted as an old neutron star (Heintzmann, 1981} is the y-ray transient(Terell

et al., 1980) with a period of B s. Here the most likely explanation is the infall of a
comet (Colgate and Petscheck, 1981) on a strongly magnetized meutron star rotating with a
period of B s, arguing both against magnetic field decay and azligment. It is noteworthy that
the possibility of such an extreme event was considered (Colgate and Petscheck,1981) well

before the actual discovery, demonstrating that here also theory had some predictive powver.
While there is therefore some evidence that old neutron stars posses nun-aligned strong mag-
netic fields there is also ample evidence to the contrary. The group of RUntgen - stars which
reveal a magnetic field is quite small, the great majority either conceals their magnetic
fields or does not have a strong magnetic field. To these belong all the bursters, which have
been studied especially carefully (Lewin and Clark,1980). While these disconcerting observa-
tions are hard to reconsile with conventional ideas about neutron stars and their magnetic
fields the following observational facts show that a radically new idea for their explanation
is needed. Improved pulsar statistics (Lyne, 1980) have fully confirmed the early conclusions
(Gunn and Ostriker, 1570) that pulsars are predoninant%y born in the galactic plane,that they
have large peculiar velocities (accounting to some 10‘ erg of kinetic energy) and that the
inferred kinetic ages do not exceed some My. There is therefore every theoretical and ob-
servational evidence that neutron stars must be born in supernovae.

No neutron stars have however been detected at the sites of young supernovae (Helfand, 1980},
a fact which is especially disconcerting if ome rtecalls that the conventional interpretation
of the pulsar data leads to the conclusion that the formation-rate of pulsars is larger than
the ocurrence-rate of supernovae (Chevalier, 1981) even if every supernova would lead to the
formation of a neutron star (which it does not). Dismissing the possibility that pulsars are
born by the dozen, for which there is no observational evidence (Wright, 1979), the only way
to explain all these findings is that the magnetic fields of neutron stars evolve as does e.
g. the magnetic field of the earth.

The idea that the magnetic field of the earth was fossil (i.e. due to remanent magnetization)
was given up around the turn of the century. Through discovery of numerous reversals of the
geomagnetic field throughout the geological history of the Earth it became clear that the
cause of geomagnetism is a dynamic one and that motions in the liquid core are probably  the
origin of geomagnetism. What exactly drives the geodynamic is unknown, but the magnetic field
is known to have existed for over 3000 My, with about the same strength as it has today. so
the power supply must have been long-lasting. Magnetic fields in neutron stars are not beieved
to be of a dynamical origin within the neutron star itself (Rudermann and Sutherland, 1973)
{see however refs., 17 and 39) but there is the possibility to set up a Faraday type dynamo
at the surface of the neutron star. We have considered elsewhere the details of the current
flow through the magnetosphere (Heintimann, 1981) and have been able to show now (Heintzmann,
and Schrufer, 1981} that the ancmzlons braking index of the Crab nebula pulsar (the explana~/
tion of which has presented a major difficultly for any theory developed so far} can be
accounted for quantitatively in this model lending some support to its basic correctness. All
we need to know here about the model are the following assumptions. The neutren star is
slowed-down (Goldrich and Julian, 1969; Mestes, 1971; Heintzmann, 1981) or accelerated(Pines,
1980; Lamb et al., 1978) by a magnetic torque provided by a current which flows along the
magnetic field lines away from the surface area AF centersdon the magnetic poles (polar caps)
Forward-and return-current are spatially separated. In the simplest case the return-current
will flow symmetrically about the forward-current and further away from the center of the po-
lar caps. No Hall-field can be established for geometrical reasons so the current f nust
spiral inwards in order to satisfy div 3 = 0., The ratio of the toroidal and the transyerse
current across the cap is
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Here To is the scattering time of an electron of the curreat with an ion in the crust.We shall
assume that a fossil magnetic field of at least 10745 Gauss is present. Such a field is well
below the smallest yet observed pulsar field (which is 10103 Gauss for PSR 1913 + 16} in
agreement with the prediction that pulsars with field-strengths below 1010 Gauss will ot
function as pulsars (Ter Haar, 1972} and yet strong enough to force matter to form a'polymer"™
(quasi one-dimensional) metal (Ruderman, 1971; Kadomtsev and Kudryartsev, 1971) with density
p - 10 ¢ g cn™3 corresponding to an electron demsity n, - 1027 cm‘s at the surface.Where and
how will the current flow? From Maxwell's equations we obtain with } » off {dropping a small
term) the diffusion equation for the electric field (and thereby also for the current)

rot rot B - - 313 .}

with the boundary condition at the polar cap that the tangential component of E be continuous
and equal to - V¢ where ¢ is the potential difference across the polar cap which drives a
current and which is probably due to a net charge on the pulsar (Heintzmann, 1981).The probiem
is the inverse to that of Ohmic dissipation (Landau and Lifshitz, 1967} with the result that
the current grows on the time-scale (see eq. (1))

xg - 20AF _ 3
<

therefore we may safely take after some years ¢ > 1020 §1 and o/ne > 10_? cm s-l. From eq.

(2) we get then N > 104 312 {where B12 means B in units of 1012 Gauss). The transverse polar
current, which breaks the pulsars rotation or speeds the pulsar up in case of accretion can
be inferred from observation (for known poloidal magnetic field-strength) so that we can both
compute the toroidal component of the current by means of eq. (2} and the magnetic field
generated by it. Putting AF = 7R*6% where for pulsars typically (Ter Haar, 1972) o = 10-1‘5 .
and using for the torque T the relation (Heintzmann, et al., 1973)

3

o 3.3 .
T = 1d = - BB R"® (4)
we obtain for the dynamo field
o108
sﬁp z g (5)
e n,c R0 pr|

Here I is the moment of inertia of the neutrom star (I = 1045 g cmzl. and © the spin angular
velocity of the pulsar. The index p meens poloidal the index t toroidal. As a consequence
of Lenz' rule $B_ is directed oppositely to the primordial magnetic field if the pulsar is
slowed-down under the action of the self-generated current (anti-dynameo) and it is parallel

to Bp (dynamo) if the pulsar is accelerated by the current due to accretion.

Under terrestrial conditions N << 1, For copper (very pure crystals) (Kittel, 1966) at 4%x it
is possible to achieve T, = 10'9 sec so that even with a 100 k Gauss field n » 0,1, too small
to give rise to an interesting dynamo. For ordinary copper however (Kittel, 1966}

Ta = 10714 sec so that with the same magnetic field N = 10", which is hard to measure, For
neutron stars however the effect is very large, and we may accept for a moment the hypothesis
that radio pulsars turn-off (as they cool below a certain temperature) and that Riintgen
pulsars show pulsed emission (if they accrete enough) due to the dyname mechanism, eq.(5) and
see what this implies. If the conductivity is mainly due to electron-phonon scattering(Ewart,
et al.,19 ) we have ¢ 1102o Tgs i.e. the conductivity is extremely temperature dependent.lIn
the case of radio pulsars it is convenient to turn around eq. (5) and selve for the tempe-
rature. We obtain for pulsars near the cut-off line (Ritchings, 1976; Fujimura and Kennel,
1980) (which show nulling and which we identify tentatively with pulsars which are about to
turn-off) with # = - 10719 ¢72 ¢ = 1071, B 6B * 1012 Gayss a temperature T = 10%:7 Ok, 4
temperature that a pulsar could easily sustain with the help of a little reheating (due t© the
return current (Ruderman, 1980)). For Rtntgen pulsars we may on the other hand put T z 107 %
for the surface temperature and 8 = 10'1‘ to obtain &B_ = 1012 Gauss in good agreement with
the cbservations if we .use (Rappaport and Joss, 1977; Lamb et al., 1978) iz 10'12 s'2
inferred from the speed-up.

as
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Having established the relevance of the gypipelar dynamo mechanism for pulsar evolution it
seems worthwhile to examine the observational evidence with more scruting and this will be
done in a forthcoming paper. One interesting prediction of the present model would be that due
to the extreme temperature dependence of the dynamo effect pulsars could suddenly turn on for
a short period due to a sudden heating {(Harwit and Salpeter, 1973) and it would be iteresting
to know, whether such events have already been observed but net recorded in published form.To
this end observers at independent observatories could check through their data together (as
is e.g. done with the X-ray data}.
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there is ample albeit ambiguous evidence in favour of a new model for pulsar evoution ,according
to which pulsars may only function as regularly pulsed emitters if an accretion disc provides
a sufficiently continuous return-cirrrent to the radio pulsar (neutrom Star). On its way
through the galaxy the pulsar will consume the disc within some My and travel further {away
from the galactic plane)} some 100 My without functioning as a pulsar. Back to the galactic
plane it may collide with a dense molecular cloud and turn-on for some ten thousand years as
a Rintgen source through accretion., The response of the dusty cloud to the collision with
the pulsar should resemble a supernova remnant ("ghost supernova remnant”) whereas the pulsar
will have been endowed with a new disc, new angular momentum and a new magnetic field
{(Heintzmann, 19%81).

The cladistic view of pulsars associates at least four differemt classes of objects with neu
tron stars:

the radio pulsar;

the Rbntgen pulsars and some Rbntgen point sources;

the Réntgen bursters which are exploding neutron stars;

the y-ray bursters, where the burst mechanism may be due to cometary collisions with neu
tron stars.

£ A B -
]

¥While for the Rbntgen and y-ray sources accretion is vital for the radiation mechanism it has
been argued (Shvartsman, 1971; Wright, 1973) that for radio pulsars accretion is lethal in so
far as it may suppress the basic radiation mechanism or even turns-off rado pusars completely.
(Meyer, 1973). In fact the Rintgen pulsars may provide indirect evidence as none functions’
as a radio pulsar that too much accretion and therefore too much plasma around the neutron
star inhibits the radio radiation mechanism or at least its detection (Davidson and Osfriker.
1973) due to the large dispersion of the radic waves in the plasma. However just how =much
accretion a radio pulsar can undergo before it turns-off is not clear. Here we shall pursue
the alternative idea that pulsars only function as such if they accrete electro-dynamically
rather than gravitatiomally via a return-current from a small accretion disc,

Pulsar evolution may then be determined completely by the presence of absence of an accretion
disc and its properties. The following scenarioc puts the four classes of neutron stars into
an evolutionist's perspedcive:Neutron stars with a massive companion wll function as Rtntgen
sources.

Neutron stars with a light companion have smaller accretion discs and the accretion flow may
be wunstable leading to irregular R¥ntgen emission (Shvartsman, 1571). Some of the X-ray
bursters may belong to this group.

Neutron stars with an accretion disc freshly acquired from a dense dust cloud may mark the
transition from a binary to a single neutron star and may also be related to some burst
sources, Fragmentation of the disc may under favourable circumstances lead to the formation
of asteroids or comets and their collision with the neutron star may give rise to y-ray bursts.

Most of these objects will be runaways as at least one supernmova has occurred at their births
and single neutron stars will consequently leave the galactic plane where they were born  and
may consume or loose their accretion discs so that they turn-off. Back to the galactic plane
these single neutron stars may collide with a dense dust ¢loud and acquire a new accretion
disc together with a new magnetic field and new angular momentum (Heintzmann, 1981).

We will show below that there is ample indirect observationa evidence supportng the existence
of a disc so we shall not defend the theoretical necessity of it here in detail.Suffice it to
say that the standard pulsar model {Goldreich and Julian, 1969, Mestel, 1971) suffers from
one major defect in that it does not explain how the steady current which brakes the pulsar’s
rotation comes about without charging-up the neutron star indefinitely. One way out of this
dilemma (Jacksoen, 1976; Heintzmann, 1981) is to give up force freeness of the magnetosphere
and to consider a net charge on the pulsar .
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Q= 2? ;

m
(# is the spin angular velocity vector, ! the magnetic dipole mement and ¢ the velocity of
light}. Although its electric force on a proton is some 10° times larger than the gravitatond
force such a net charge on the pulssr will not lead immediately to a return current from the
interstellar medium since the pulsar is well shielded by a relativistic wind (Heintzmann,
1981: Kennel et al., 1979, ostriker et al., 1970). Consequently this wind will blow a hole in
the interstellar matter {Meyer, 1973, Ostriker et al., 1970) and if the pulsar vcollides"with

a cloud of molecules and dust the wind will sweep-up the cloud material, ionize it and
generate an equipartition magnetic field. The shock front will act now like a magnetic bottle
if cooling via dust is efficient enough and as a result we will have strongly enhanced

accretion. Note that gravity alone is not sufficient to pravide the necessary accretion rate
(Meyer, 1973; Ostriker ot al., 1970; Favian, 1977) for supersonically moving pulsars to build
up an accretion disc which can quench the relativistic wind of the pulsar. However for a
velocity v ~ 107 cr sec'l of the pulsar we find that the equipartition magnetic field in the
shock is B~ (v mn \nrz)l"'2 ~ 10730
field of a young supernova remmant. A particle in such a field will be trapped provided  its
Larmor radius T is much smaller than the sheck thickness and provided cooling is efficient
enough to inhibit appreciable evaporation (diffusion out of the bottle) and it is here  that
dust may play the essential role. Hence dense molecular clouds are the best sites for pulsar
regeneration and for the formation of ghost superncva remnants. In fact careful observations
(Glushak et al., 1981; Weiler et al., 1974) of active radio pulsars have shown that the

Gauss for n = 100 cm™ >, i.e. typical for the magnetic

interaction of a pulsar with the interstellar medium does not lead to the formation of radie
halos or (mini) ghost supernova remnants as proposed originally by Blandford et al. (1973),
which lends support to the idea the dust may in fact play a crucial role. Once encugh matter
has been accreted and ceoled down a Rayleigh-Taylor instability will develop (Meyer,1973) and
the matter will come down in blobs of size

. 1nld -1 -1

Tor L/4nGpMc = 107" cm Lyg 9.3 Mg (2)
(L is the luminosity of the pulsar, p the matter density in the shock). Due to angular
momentym conservation the matter may not fall directly on the neutron star (as is usually

assumed) but it may be stored in a disc as discussed for accreting Réntgen {binary) sources
(Fabian, 1977; Elsner and Lamb, 1976; Ghosh and Lamb, 1979) or radio pulsars {Roberts and
Sturrock, 1973; Michel and Dessler, 1981), Regulated by the net charge and not by gravity the
disc way now provide a sufficiently regular returh current so that away from the molecular
cloud the RUntgen pulsar may turn into a radio pulsar again and continue its journey through
the galaxy.

In the light of this new model for pulsar evolution we wish to reassess the observationdl data

Clearly the model was devised from the beginning se that is explains the most important
discordant observations: the large discrepancy between the inferred birth-rate of pulsars
snd the observed occurrence rate of supernovae (Heintzmann, 1981) and the observed absence
of neutron stars at the sites of young supernova remnants (Helfand et al,, 1980}. To see

this we note that the encounter probability of a pulsar with a dusty dense cloud is of order
unity (Wright, 1979) as between one and ten percent of the total mass of the galaxy is found
to be in dense ¢louds (Solomon et al., 1979) concentrated in the galactic plane so that the
major uncertainty of our estimate lies in the amount of dust needed to allow for the formaton
of a ghost supernova reanant. With an encounter probability of order unity the number of
pulsars actually born in supernovae is reduced by the factor AG/T = 100 where Ag is the age
of the galaxy and Tp the period of oscillation across the galactic plane (Tp = 100 My). The
actual birth of a neutron star, i.e. a supernova, may therefore well be a rare event and
Many Supernova remnants may actually be ghost supernova rempnants. To estimate where the line
must be drawn for the latter we accept for the Rbntgen-luminesity of the neutron star (Fabian,
1977} Lx = 1038 erg se::'1 and a typical cloud diameter of 1 pc so that the accreting neutron
star will radiate some 104 years depositing 1049 ergs in the cloud typical of a type 1 super-
nova. Apart from the occurrence rate of true supernovae our model agrees with every aspect
of the standard model! the pulsars are concentrated near the galactic plane since the  dusty
clouds are there, and the velocity vectors of the radio pulsars point predominantly away from
the galactic plane as the radio pulsars turn on as such only after leaving the cloud.
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¥While none of the aspects of our model are radically new the combination of them does lead to
a major revision of the presently accepted scenario of pulsar evolution and we have sought
therefore for further evidence for or against the present model. Surprisingly the predictive
power of the model is quite large and we find it convenient to group predictions and obser-
vations into two categories: active radio pulsars and dead radio pulsars associated with
ghost supernova remnants or non binary Rbntgem sources.

2.1 - ACTIVE RADIO PULSARS

I1f pulsars do in fact have a disc around them some dispersion must be intrinsic and therefore
interesting changes of the dispersion measure may be observable. A prediction of our model
would be that the dispersion measure changes on a time scale of 10" years, Such changes of
dispersion measure are observable for pulsars which show fine structure in the pulses and have
in fact been observed (Isaacman and Rankin, 1977) at the level of 10_4 over five years In case
of the Crab nebula pulsar and such changes are not easily explainable by any extant model.
Clearly the effects of a time varying accretion disc should be strongest for nearby pulsars
where most of the dispersion measure could thus be intrinsic and of spacial interest would
be the observation of a pulsar with freshly acquired disc or a disappearing disc. The loss of
a disc should therefore be correlated with an anomalously low dispersion measure. As a matter
of fact there is observational evidence for all of these effects which are difficult to
explain otherwise.

The pulsar 0904 + 77 was discovered clearly (Taylor and Hughenin, 1969) in 1969 and has
disappeared since then for more than 10 years. Its dispersion measure was very low(Manchester
and Taylor, 1981) (DM ~ 10 t 10) and compatible with zero. This pulsar may actually be*
considered as an extreme case of nulling pulsars and it is generally believed that nulling
pulsars are turning off their radijation. According to the present model such pulsars  should
have weak return-currents and hence small P a fact which is known to be true already @tchings,
1976). Since timing necise is correlated with (Cordes and Helfand, 1980) P we have a  natural
explanation for this fact. Analysis of Ritchings' data (Ritchings, 1976) for nulling pulsars
gives an average dispersion measure DM = 37.7 pc cn-5 whereas <DM> = 100 pc ::ln-:s for all
pulsars (Manchester and Taylor, 1981). This result is probably not a selection effect as the
absolute radio fluxes of nulling pulsars do not deviate from those of the remaining pulsars.

Evidence for freshly accumulated discs may therefore come from pulsars which show appreciable
timing noise, Here the noisiest pulsar is PSR 0611+22 and this pulsar turns out to be one of
the most interesting radio pulsars discovered so far, It has been associated with the(ghost?)
supernova remnant (Davies et al,, 1972} IC 443 and with the HII region (Sharpless, 1959)5h249,
so that IC 443 could actually be an old ghost supernova remnant. We shall come back to  this
source below. PSR 0611+22 is noisier than the (younger} Crab-and Vela-pulsars. It shows the
second largest speed-ups ever observed (Manchester, 1980} in pulsars. The next noisiest
pulsar is (Manchester, 1980) PSR 0740-28 a pulsar which shows pulsed y-radistion (Amico and
Scarsi, 1980). An example contrary to our model would be PSR 1055-52 if it were really
associated with the unpulsed X-ray source (Helfend, 1980) of intensity L, ~ 1053’6 erg sec'l
as this pulsar is rather noise-free, However the offset between the radioc pulsar and the
R¥ntgen source is 3" and the two sources may therefore not be related.

A complete statistical analysis is certainly required to add more weight to our findings and
this will be possible spon if the complete Rbntgen data collected by the Einstein  satellite
have been published and if the timing noise analysis if extended to a larger set of pulsars
than is available at present,

As mentioned already IC 443 may actually be a ghost supernova remnant. Our main arguments in
favour of this interpretation are its estimated energy (Fesen and Kirshmer, 1980) of E ~ 10

ergs and the pronounced ome sidedness of the remnant (De Noyer, 1979; Fesen and Kirshner 1980}
As a second possibility for a ghost supernova remnant we suggest SNR G 109.1-1.0. It contains
an X-ray pulsar of the right period P = 3,48 sec, it may be related to the molecular cloud
(Heydari-Malayeri et al., 1981) Sh2-152 and is unusually bright optically (Bigir et al. 1981}
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Further candidates may be found among the objects listed by Ryle et al. (1978) and Montmerla
(1979), who actually calles ocur ghost supernova remnants SNOBS (Supernova Remnants associated
with OB stars).

In addition we mention three further candidates not included in these lists:

1 - the North Galactic Spur, which is commonly interpreted as due to a supernova and which
seems to end into a neutral interstellar cloud (Frisch, 1581);

2 - the y-ray sources in the Orion molecular cloud and in the p-Ophiuchi complex {Biﬁnali and
Morfill, 1980; Swanenburg et al., 1981).

As far as the bursters and the Sco-like sources are c¢oncerned models have already been
developed (Fabian, 1977; Baan, 1977; Abdulwahab and Morrison, 1%78) which although different
in detail agree with the present one in that they depart from the general belief that Rbntgen
point sources must be of binary nature. The observational situation can be interpreted in two
alternative ways. After vigourous efforts to uncover the binary nature of the bursters
(Lewin, 1981; Lewin and Joss, 1981) finally a Sco-like source (Marshall and Millit, 1981) and
an X-ray burster (Pedersen and Paradijs, 1981) show evidence of binary nature. This then
either means that it is very difficult to detect a binary orbital peried in such systems
(because they have a light companion) or else that most of such systems are not of binary
nature. In any case the general argument that RUntgen point sources must be of binary nature
because of the high accretion rate needed to make a neutron star shine ss a Rintgen source can
be countered by the observation that especially the burst sources are related to the galactle
bulge (Lewin and Clark, 1980; Yivekanand and Narayan, 1981) and eight burst sources out of
fourteen within 10° from the galactic outer lie in globular clusters, condensation islands
for molecular clouds?

Te conclude the list of evidence in possible favour of our model we note that on purely
theoretical grounds but model independently (Vivekanand and Narayan, 1981; Phinney and Bland-
ford, 1981) is has been shown that the pulsar birth rate is 0‘048:g'gi; pulsars yr'l galaxy'l
and that many pulsars make their first appearance at periods greateé than 0.5 s. This “in-
jectlon”, which runs counter to present thinking is probably comnnected with the physics of
pulsar radio ¢mission and can now be understood in the context of our model,
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