CHAPTER 3

ON THE (RGN OF PULSAR MAGNETI C FI ELDS

Fossil Fields vs. Field Growth after birth

There has been a recent suggestion that neutron stars may not
be endowed with strong magnetic fields at birth, but that the
observed magnetic fields of pulsars are built up gradually due
to a thermally-driven battery process.

According to this picture, by the time a neutron star
builds wup a strong enough magnetic field to be able to
function as a pul sar, the supernova remant associated with it
woul d have already faded away. This may be a possible
expl anation for the lack of observable associations between
pul sars and supernova remmants.

We critically exam ne this suggestion in this chapter and
find that because of the uncertainties in several physica
paranmeters, it is not clear as to whether the field rowt h
mechanism is likely to be efficient. It is also argued that
even granting that the observed fields are built up after the
birth, one cannot avoid the nain conclusion of chapter 2,
namely, that the mpjority of neutron stars are born as slow
rotators.
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31 | NTRODUCTI ON

The di scussions in the previous chapter have assuned t hat
pul sars have field strengths in the range 10'* to 10'%° Gauss
right fromtheir birth. Even before pul sars were discovered,
Woltjer (1964) had argued that neutron stars wll have strong
fields. Ruderman and Sutherland (1973) suggested that just
before the stellar core collapses to forma neutron star,
convective processes in the core nay lead to a tangling of any
seed field till an equipartition field strength is
established. This field gets anplified during the collapse
due to flux conservation and |eads to the observed nagnetic
field of pulsars. This will result in large neutron star
fields at birth. Mre recently, however, it has been proposed
that the neutron star fields nay be generated after their

birth, due to thernally-driven battery mechani sns (Woodward
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1978; Bl andford, Appl egate and Hernqui st 1983). According to
Blandford et.al. (1983), the timescale for such a field build
up may be as large as ~ 107 yr. Long before that the SN\R
would have dissipated in the interstellar nmedium After the
field builds up and the pulsar turns on, its relativistic wnd
will be essentially unconfined, giving too little synchrotron
emssion for themto be recogni sed as O ab-1ike nebul ae (see,
for exanple, GCheng 1983). Since this appears to provide an
attractive resolution to the poor association between pul sars
and supernova remnmants we devote this chapter to a critical
di scussi on of the proposed nechani sns for field growh. The
first part of the discussionwll be a critique of the theory
and then we | ook at the observational evidence for such field

grow h in neutron stars.

G the two different kinds of thernally-driven field
growmh that have been proposed in the context of neutron
stars, one is the well known Battery effect pr oposed
originally for nornal stars by B ermann (1950), with the
difference that in the present case the growth of the field is
likely to be limted by the Hall effect (Wodward 1978). The
second mechanism that has been proposed involves the
thernoel ectric effect (Blandford, Applegate and Hernqui st
1983) - sufficiently hot, cooling neutron stars can anplify
seed fields of ), 108 Gauss to ~ 10%2Gauss, by an astrophysi cal
anal ogue of what is known in Physics as the "Ettingshausen
effect" (Ashcroft and Mrmn 1976). W shal |l now di scuss

t hese two nechani sns.
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3.2 THE BATTERY MECHAN SM

The Basi c Mechani sm

The battery mechanism was originally proposed for
rotating normal stars by Biernmann (1950) and then reconsi dered
by Mestel and Roxburgh (1962) and Roxburgh (1966). Fol |l owi ng
their treatnment, we outline bel owthe physics involved in the

process:

The material in the stellar interior is fully ionised.
The short nean free paths ensure that the el ectron and ion
partial pressures are of the sane order. However, the
gravitational force is felt alnost solely by the ions. In a
spherically symmetric star, dynamcal equilibrium is reached
by a very slight outward drift of the electrons, the resultant
electrostatic field exerting on the electrons a force equal to
their partial pressure gradient. 1In a rotating star, however,
the centrifugal field also acts differentially on the two
conponents, and again charge separation results. However, in
this case, the electron partial pressure cannot be supported
by an electrostatic field, since the centrifugal field is not

derivable froma scal ar potential (von Zeipel, 1924; Roxburgh

1966). The electron partial pressure then acts like a
battery, in which non-electric forces continually drive
electrons with respect to ions. Thi s generates pol oi dal

currents, leading to the build up of a toroidal magnetic
field. 1In the two-fluid approximation, the equation of notion

of the electron gas is given by (Cowling 1953)
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and the equation of hydrostatic equilibriumis

— —
L]

.vaw__‘{jygﬁ_\.ﬂ"a_*. axB (3.2)

£ <f '

Here J is the electric current density maintaining a
o 3
magnetic field B ,

-t

E - the electric field

% : the pressure of the el ectron gas

he : the nunber density of the el ectron gas
€ : the electronic charge,
C the velocity of light
£ the density
b the total pressure
+o
: the gravitational potential

L)L : the angul ar velocity
- the vectorial distance fromthe rotati on axi s and

0" - the electrical conductivity.
In a star supported by thernmal gas pressure, )De and ng, are

related to and as
b 2nd £

- L . 1
be‘ 71 F4.D+ > Ne = —Ame f
V\her‘e my, is the proton nass, A the atomc weight, and 2 the
atomc nunber of the ions. Using these and elimnating Ft’ .
(0]

between (3.1) and (3.2) one obtains
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5 Am, ;xB VxB
J-F 3 ,rz.w+ + YXB @
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Usi ng Maxwel | ' s equati on

WL

3
>

and taking curl of (3.3), we find

R - T g B DR

|

GnE -4

'-‘-

2t Z(z+)ep c
+(———F-—i 5 Vx (2 3) - Vx(%) (-4

—
As was originally pointed out by Biermann, B =0 is a solution

- =1
of (3.4) only if Vx(_()}'@')w, that is, if the centrifugal
force termis derivable froma potential. Cherw se this term
acts like a battery, generat| ng a pol oi dal current Jb and a
toroidal field B, . Hence Tx(n*08)is called the “battery

termi in the above equati on.

321 Wodward' s Hypot hesis

Woodward (1978, 1984) has suggested that the above
battery nechanism may be responsible for generating the
observed magnetic fields of neutron stars. However, there is
a serious difficulty wth this suggestion. The nmatter in the
neutron star is conpletely degenerate, and the naterial

pressure is a function only of its density:

b= b(f) . (3.5)
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The equation of hydrostatic equilibrium (3.2) in the
absence of a magnetic fiel dI reduces to
~—\ s o .
%f =-VP+2 W . (3.6)

Wth the pressure given by (3.5), the left hand side of (3.6)

can be expressed as a gradient of a function of the density:

Y?E = %3\.’ 5 IT = 3{(?) (3.7)

and therefore,
w = 5 (c+3). (3.8)
W thus see that O° &7 is derivable from a potential.

This is a restricted version? of a theorem due to Poincaré
(1893). Wth the centrifugal field given by (3.8), its curl
is zero, and hence the battery termin (3.4) vanishes. Thus a
straightforward extension of the battery process in nornmnal
stars (Roxburgh 1966) to the case of neutron stars, as
proposed by Wodward, is not possible. In particular,
Wodward' s suggestion that this battery works in the neutron
star crust, which is in a state of rigid rotation, can be

di scounted since with (> everywhere constant, the battery

i Inthe case of a neutron star the third termin (3.2), which
gives the nagnetic pressure gradient, is < 107' of the
gravi tational force, and hence can be negl ect ed.

2 This theoremfurther proves that under these conditions the
angul ar velocity can be a function only of the distance from
the rotation axis, and that isobaric surfaces and constant
density' surfacesw || coincide.
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termin (3.4) is identically zero. It is nost |likely that
such a staté of rigid rotation prevails throughout the neutron
star (e.g. Qeenstein 1975) and this centrifugally driven
battery nechanism is unlikely to be responsible for the

generation of the observed nagnetic fields of neutron stars.

However, the pressure-density relation (3.5) is strictly
true at zero tenperature. A afinite tenperature, thereis a
snall but non-zero additional thermal contribution to the
pressure (of  order (T/Tp )7' , Wwhere T. is the Ferni
tenperature: Landau and Lifshitz, 1959). Typically this is
~10°®
t enper at ure dependence of this additional pressure can be used

times snaller than the degeneracy pressure (3.5). The

to drive a different kind of battery process, proposed by
U pin and Yakovl ev (1980) in the context of Wite Dnarf stars,
and applied to the case of neutron stars by Bl andford (1983)
and Bl andford, Applegate and Hernquist (1983). W shall

di scuss thi s now

3.3 THE THERVCELECTR C BATTERY

Bl andf ord, Appl egate and Hernqui st (1983) have proposed a
battery mechani sm based on the thernoel ectric effect for the
generation of neutron star nagnetic fields. The essence of

the nmechanismis as fol |l ows:

Qe has a cooling neutron star with a tenperature
gr adi ent radially inwards, which generates a heat flux

radially outwards. If one considers a small region of the
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crust, this heat flux is vertically upwards. MNow, if there is
a pre-existing horizontal magnetic field, it will deflect hot
el ectrons from bel ow, and cool er el ectrons fromabove slightly
less in the opposite direction. The net effect is to produce
a horizontal heat flux which, in turn, wll generate a
hori zontal tenperature gradient. This wll create an
additional pressure gradient which nust be balanced by a
thernoel ectric field. This thernoelectric field has a
non-vani shing curl, and under suitable conditions can lead to
agrowh of the initial seed field. Bl andford et.al. (1983)
argue that by this process neutron stars can generate their

2 gauss in é 10°  yr, starting from an

fields of ~10
initial field of ~ 108 gauss. In the next few pages we shal |
reproduce sonme of the salient formul ae (and notations) needed
to discuss the physics of the nechanism These are taken

mai nly from Bl andf ord, Appl egate and Hernqui st (1983).

The el ectrons in the neutron star crust are degenerate
and ultrarelativistic, and can be regarded as non-interacting.
In the presence of electric fields, and gradients of chem cal
potential and tenperature, the laws of charge and heat

transport are given by (Landau and Lifshitz 1960; Ashcroft and

Mermn 1976)

1= 0.e€—= A.VT (3.9)
o =
omd F= TA. € A.VT (3.10)

-\
where the el ectrochemcal field &€ is the sumof the electric

field and the chem cal potential gradient
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A —_— -
€ = E + Vu/e, (3.11)
-~ -3
In these expressions J is the electrical current, F is the
—

heat fl ux anga'- is the electrical conductivity. The thermnal

-t
-~ L e
conductivity 6 and thermopower @ are related to the
- -

coefficients Fi and ﬁ by
= ] =
Q = (O‘> -, (3.12)
= 2 28

R (3.13)
) :{- Cupto First orderin T/u).
In these formulae, and in the rest of this section, the units
c=k=1 are used. T is the temperature, |, is the cheni cal
potential and e is the electronic charge. In the presence of
a small magnetic field —ﬁ , for which the electron
gyrofrequency is nuch less than the el ectron-phonon and
electron-ion collision rates in the crust, the expression for

the conductivities can be witten, upto first order in T/p ,as

= = net v © (3.14)
g = O; 7(, = € 7( *
— R M
& b 2 — (3.15)
b = K% = 2nTT 2

=2 . 3 !

where L is definedthrough
e_'}‘_ B (3.16)

._' _ .
(' )iy = 8+ Eagn & O
In the above, 408 is the electron density and “T the

collisional relaxation time for the electron gas. In (3.16)

Cgij is the identity matrix and é-ijhis the Levi-Civita synbol

for 3 dimensions.
——t

]

The coefficient )\ is given by
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-t -2 ‘____;
"= T dF (3.17)
e dp

Usi ng expressions (3.14) through (3.17) in (3.9) and (3.10),

and keeping terns only upto first order in T/p 5 ONE obt ai ns

-en, + 3XB Y\eVM + — HJ F dl(lu‘/’t) . (3.18)

el cLM
Then using Faraday's | aw, one gets after some al gebra
2B ==
— = — VXE
2t %
- P — - - §J7x-‘
— ' (¢]
= VYx (VxB) -QxVT-Tx [M%] (3.19)
wher e
= -3
-
T = kK. VT al."r\.CfJL/’C) d (3.20)
e o“vx(u\- €Ne
and
2
Qo= - ST dimb, (3.21)

Sepm A Inpa

Equation (3.19) is the basic equation describing the
thernoel ectric battery process. The three terns on the right
hand side of (3.21) are simlar to those in eq.(3.4), and can

be interpreted as fol | ows:

—3 3 — . . .
(1) T x (\/)(B)IS a field convection tern where the
convection velocity is the sumof the thernal diffusion

velocity and the el ectron nobility.
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(ii) The second termis the battery termand is proportional to
GY\QX'{}T; this describes Lhe crfatLon of field by
t hermoel ectric currents. If YT, (BXF))O, this term
contains a part proportional to (—-f?ﬂe-_ﬁ)ﬁ , leading to
an exponential growh of the field if heat fl ows down the
density gradient. Thus, in a neutron star, field growth

will take place if the heat flux is radially outwards.

(iii) The third termis the ohmc decay term and describes the
dissipation of currents that are responsible for growh

and mai ntenance of the magnetic field.

In the picture of Bl andford et.al. (1983), the neutron
star crust is assuned to be a crystalline solid covered by a
| ayer of liquid netals. The interior is isothermal at a
t enperat ure ~102 K, and the tenperature falls to ~10° K at
the top of the liquid layer (fig. 3.1). The depth of the
liquid layer is \

Z, ~ 4x103 Tg gm cm (3.22)

wher e 10e Tg Kis the tenperature and 10“+gm cms~t is the

surface gravity.

In the liquid, the isotherns and equi potentials coincide
with constant density surfaces by requirement of nechani cal
equilibrium Thus _{757\2 XﬁT =0, causing the battery term in
(3.19) to vanish. This thernoelectric battery can, therefore,
operate only in the solid crust where finite stresses in the

| attice can prevent exact coincidence of isobaric and constant
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Fig. 3.1: The tenperature profile of a neutron star crust (solid
line) as conputed by Gudnundsson et. al. (1982). The
broken Iine shows the melting curve above which the crusta

matter is in a liquid state.
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density surfaces. Since the thernoel ectric battery originates
from the anisotropy of the transport coefficients introduced
by a nagnetic field (eq. 3.16) unlike the Biermann battery
for normal stars (cf. section 3.2) it is not a "prinary"
mechani sm and needs a "seed" magnetic field which it can
anpl i fy. To followthe field evolution in the |inear phase,
Blandford et.al. (1983) inpose a small nagnetic field (for
which the electron gyrofrequency << collision rate) and
conpute the resulting perturbation in the tenperature gradi ent

by using the steady state heat fl ow equation
3 =3

V.F=0 (3.23)

N
where F is the net heat flux vector. This  perturbed
tenperature distribution is then used to conpute the growth

rate of the magnetic field fromeqg. (3.19). Witing

BN BO eXP (At/tM) (3.24)
they obtain nunerical solutions for the dinmensionless growh

rate A . Here
":M-:- 4_“_0_5 ?'Z (3.25)
Tty
Since the battery process generates magnetic flux and the
ohmc diffusion dissipates it, clearly the effectiveness of
the, mechanism depends on the relative timescales of these two
pr ocesses. As expressed by Bl andford et.al. (1983), the key

paraneter is the dinensionless quantity

o = t,/ ( £ /Z:M I“M> (3.26)
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where F, is the unperturbed heat flux, and n. rPmare the
electron density and electron Ferm energy at the top of the

solid |ayer. %, and t., have been defined in egs. (3.22)

and (3.25) respectivel;.‘ The quantity in parantheses is the
time required to traverse a current |oop of size ZM at the
diffusion velocity associated with heat flux. This is
typically the field growh timescale in the absence of ohmc
decay. Evidently, the value of & nust be large for the
field to grow Using (3.25) and (3.14) the above equation

(3.26) can be rewitten as
477 e /tM ZMFo
2
MM

wher e ’C’Mis the collision tinescale at the top of the solid

o = (3.27)

crust.

Bl andford et.al. (1983) find that for a growng node to
exist at all (i.e. A > 0) the value of o nust be larger than
5. However, for the growh to be large enough to be

interesting, X must exceed 0.1, and this requires o ) 22,

The value of ¢ is sensitive to the collision rates
whi ch determ ne /\CH’ and the opacities, which determne F, .
The estimate of these parameters are sonewhat uncertain and
the results of different workers (e.g. Fl owers and Itoh,
1976, 1981; Yakovl ev and W pin, 1980) disagree to sone extent.
With the published values, & renains uncertainto withina
factor of 6. Another additional source of uncertainty is the

surface conposition. Blandford et.al. (1983) argue that for a
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given internal tenperature, the heat flux Fo is inversely
proportional to the atomc nunber Z of the ions in the liquid
layer. Athough it is commonly believed that the surface of
the neutron star is nade of iron (Baym, 1977), Bl andford
et.al. (1983) suggest that a substantial fraction nay be
hel i um (Z=2). This will increase the heat flux by an order of
magni tude. @G ven these uncertainties one finds that the val ue

of & wll liein the range

(3.28)

©.06 Tg"® Lot £ 4Ty"*

)

wher e lO8 T, K is the internal tenperature.

3

VW thus see that the afl owabl e values of < are far too
small to permt field growhs in the required timescale.
Increasing the internal tenperature would not help natters,
since ¢ is rather insensitiveto it (see eq. 3.28), and
anyway if the tenperature is nore than ~ 109 K, then neutrino
em ssi on, r at her than conductive heat transport, would
dom nate the cooling process, and therefore it would not help

in the present context.

Faced with this difficulty, Bl andford et.al. (1983) have
suggested that if nost (> 90% of the magnetic flux is
produced in the overlying liquid Iayer, and is then
"convected" into the solid, then even with small val ues of
o , the required growth rate can be sustai ned. Since the
above thernoel ectric battery cannot operate in the |iquid, one
has to find an alternative nmechanism Bl andford et.al. (1983)

have suggested that in presence of a sufficiently strong seed
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magnetic field (> a fewtines 10® gauss), the horizontal heat
flux generated by deflecting the vertical conponent wll drive
acirculation, which will anplify the field by a non-linear
dynano process. The detail ed working of this dynano has not
been denonstrated, and it al so remains uncertain whether the
magnetic flux produced this way can be convected to the solid
nore rapidly than it is destroyed by either ohmc diffusion or

buoyancy effects.

The final strength and configuration of the field depends
also on the details of the evolution in the non-linear phase
(el ectron gyrofrequency > collision frequency). |In this phase
the transport coefficients are greatly nodified, and pendi ng a
detailed treatnent, no clear picture of the field evolution is

possi bl e.

To summarize, although this thernoelectric battery
nmechanism is a very appealing mechanismfor generating the
observed magnetic fields of neutron stars, because of the
difficulties in calculating transport coefficients froma
m croscopi c theory, one is not able to say unequivocally

whether this is a realistic nechani sm

3.4 OBSERVATI ONS PERTAI NI NG TO Fl ELD GROWTH

In this section we appeal to observations and ask whet her
the observed periods and fields of pulsars are consistent with

their fields being generated after birth.
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In the discussionto followwe shall need to know the
evolution of the rotation period of a neutron star during the
field growh phase. 1In the next section we shall derive a few

general results which will be of use in |later sections.

341 Evolution O The Rotation Period During Field Gowh

Phase

A rotating, magnetized neutron star, even if it is not
functioning as a pulsar, will slowdown due to magnetic dipol e
radi ation. Wien the nagnetic field is strong, currents
flow ng through its magnet osphere will al so provide a sl owdown
torque. The torque due to these currents and that due to the
dipole radiation are expected to be of simlar magnitude
(Goldreich and Julian, 1969). V¢ shall assume here that the
spindown torque on the rotating neutron star equals that given
by di pole radiation, when its magnetic axis and rotation axis
are orthogonal to each other. The slowdown | aw can then be
expressed as

_ dE ot _ N 2 R652ﬂ4
at __Iﬂﬂ_3C3 :

where B = dipole field strength at the surface of the star
R = radius of the star
| = noment of inertia of the star
L) = angul ar velocity of rotation
- dQ rdt
C = velocity of light

and Em= rotati onal energy of the neutron star.
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. 2
For typical neutron star paraneters, i.e. | N10459'm cm and

6

Rr10° Ccm oOne gets

P({)FBG:) =’Q32ﬁ IO’lsBé second (3.29)

where P = spin period of the neutron star in seconds
P = gp/dt, and
°
10 B]?_ gauss is the surface dipole field.
Let us now assure that the magnetic field of the star grows

exponentially with time:

4

B(t) = B, € /'Um (3.30)
’D’m is the growth timescal e, and By is the initial rmagnetic
field. The period of the neutron star as a function of tine

can be obtained by wusing (3.30) in (3.29) and then

i ntegrating:

PLP = RUpm (8*82)
k ’th?‘(i—e_zk/T"D (3.31)

i

wher e Py is the initial rotation period. The evolution of
the rotation period is displayed infig. 3.2(a). HE (3.31)

will be used in several forns:

During the growh phase, the naxinum change in spin
period can be expressed in terns of the final nmagnetic field

as

PZ_PO')' £ kT B* (3.32)
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t

If g ¢

%) is the factor by which field has grown
o
since the neutron star was born, a linmt on & can be

obtained in terns of the present magnetic field and rotation

period of the neutron star. From (3.31)
2 _ 2 2 2

2
- P >/IQTMB?-(1—L2)

g
2
or, P > + 1-.l~>. (using 3.30)
7 2
In £ 3
The spindown age of a pulsar is defined as
_ P _ P (3.33)
ch ™ 2p T 2RB*
Hence the above inequality can be expressed as
In4 -~ . (3.34)
|- '/gz v Ztch

Finally using the definition (3.33) for tenr and (3.31), one

obt ai ns ‘t/
o -2t/
{—ch ) = c:;_n + ('ﬁch - @%.") e m (3.35)

Q 2- - . - -
wher e tch = /?_th- is the initial value of the spin-down
age. From (3.35) we find that as the exponential growth of
the nagnetic field continues, the spindown age reaches the
asynptotic value ‘T, /2 (see fig. 3.2(b)).

]
| f tch >’lez, then by (3.35),

° (3.36a)
() by, 5 and Ty € 2w
. 0
On the other hand if tch, Z ’Cm/z . then
(3.36b)

b, () 3 and T, 7 2tn
during the grow h phase.
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3.42 Fast Pul sars

e of the reasons why the nechanismof field growth and
the tinmescale for the field growh suggested by Bl andford
et.al. (1983) is attractiveis that it can explain the poor
pul sar- SNR associ ation. However, by the sane token, the four
observed pul sar-SNR associations pose a problem to the
nmechanism in the follow ng sense. Al these four remants -
the Orab Nebula, the Vela SNR, S\NR MBH 15-52 and 0540-69.3 in
the Large Magellanic dQoud - are fairly young and the pul sars
in themhave fields in excess of 1012 gauss. This would
require extrenely short growh timescale if the field was
built up froma very snall value ~ 108 to 109 gauss. In
this section we shall comrent on the required growh timescal e

for each one of these four pulsars.

The SNR MSH 15- 52

Thi s supernova remnant contains a 150 mllisecond pul sar
(PSR 1509-58) with a spindown age (£ P/2P) of ~ 1600 years.
However, according to the standard estimate, the age of the
supernova remant is ~ 104 yr. Barring the possibility of a
chance coi nci dence (van den Bergh and Kanper 1984) or an error
in the age estimate for the supernova remmant, this is by far
the strongest evidence in favour of field growth. However, we
shall show in chapter 6 that the observed properties of this
SNR are consistent with those expected of a ~ 1600 yr old
remmant, if it is expanding in a | owdensity bubble created by

the strong wind of its progenitor. Blandford et.al. (1983)
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4 yr old, and

have assuned that the supernova remnant is ~ 10
have suggested that the neutron star is in fact as old as the
SNR, but becane a pulsar only A~ 1600 years ago, when its
field grewto sufficient strength. |If this is true, then the
ratio of present spindown age of the pulsar to its real age

gives, using (3.34),
ln g 2 3

where E is theratioof final field to the initial field.
This inplies an initial magnetic field BOS 7x10'" gauss,

and a grow h timescal e

T £ 3200 yr

The upper limt to B, and ”L‘m correspond to a zero rotation
period of the neutron star at birth. O the other hand, if
the field growth has taken place froma very lowinitial value
Nlosgauss, then the required growth timescal e ’t’mt’(aoo yr,
and by (3.32)

> 130 ms
that is, the neutron star nust have been born spinning .fairly
sl ow y. The upper limt to the growh timnescal e obtained
above assunes that the field of this pulsar is still growng

exponentially. |If, instead, its field has stopped grow ng, or
the growth has significantly slowed down on reaching a field
of ~v 10'% —10'3 gauss, as Blandford et.al. suggest would

happen, then one will requirein the initial phase of growh a

much shorter growh timescale than those menti oned above.
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The Crab Pul sar

The Orab nebula is ~ 930 yr old and its pulsar (PSR
0531+21) has a spin period of 33 mlliseconds and a spindown
age of ~ 1200yr. It is nowwell established that the pulsar
is the energy source for the nebula. The energy in the
relativistic particles and the magnetic field in the Oab

49 ergs. The accel eration of the

nebula is nore than ~ 10
ejecta after the supernova explosion (Trinble 1971) requires
another ~ 1049 ergs, and a simlar anount is necessary to
account for the radiation from the nebula since its birth
(Trimble and Rees 1970). Since the energy in all these forns
nust ultimately have cone fromthe stored rotational energy,
one can place strong constraints on the initial period and,
therefore, the initial rotational energy. This argunment tells
one that the initial period of the Grab pul sar coul d not have
been nmuch longer than 20 mlliseconds. If an appreciable
amount of field growh has to have taken place for the Oab
pul sar after its birth, then the growh timescal e ’UW1for t he
field rmust be much |less than the present age of the nebul a.
If we inpose the nodest requirement that the field of the
pul sar has grown by at |east one order of nagnitude since its

birth, we find
T S“OO YT

Usi ng this val ue of ’Cn‘, and the present field Bn¢3.7x10'2

gauss for the rab pul sar, we see from (3.32) that

P B2 L 17107 cec®
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during the field growth phase. Wth P ~ 33ms, the initial
period of the pul sar woul d be

P, 5 30.3 ns

much | onger than the initial rotation period required by the
energetics of the nebula. O, in other words, with such a
short growth timescale the rotation period hardly changes
during the field growh(see fig. 3.3). To have an initial
rotation period as small as ~ 20 ns, and yet to have a field
growth by at |east an order of magnitude, the only way then is
the following: the field grows to its present value very
quickly during the first £ 200 years, and then stops grow ng.
The rotation period of the pulsar at the end of the growth
phase is alnost the sane as what it started with - about 20
mlliseconds. The pulsar then slows down to its present
period during the rest of the time (f£fig.3.3). This denands a

growt h tinmescal e

T, £ 80 yr

for the field to grow by an order of nagnitude. I[f, on the
other hand, the field were to growfroman initial seed val ue

8 2

of 10~ gauss to its present val ue of ~3.7x10’ gauss, then

the required timescal e woul d be

T (_,<20 yr -

Bot h t hese val ues of ’C.m are extrenely short (~ 10°%  tines)
conpared to what Blandford et.al. (1983) suggest for typical

pul sars.



Fig. 3.3:

13

Possible history of the Crab pulsar

[y
N
T

log Magnetic Field (gauss)

11 1 il

10 . 20 30 40
Period (ms)

Two possible evolutionary tracks with field growth leading to the observed magnetic field and
rotation period of the Crab pulsar, marked by an asterik. Field growth by one order of magnitude,
since its birth 930 years ago, has been assumed. Track 1 is generated using Tm = 80 yr,
Bsat = 3.8 x 10'2 gauss and P, = 20 ms. On track 2 ‘T, = 400 yr and P, = 30.3 ms. We argue
in the text that track 2 is inconsistent with the energetics of the Crab nebula.
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The Vel a Super nova Remant

The Vel a supernova remant, estimated to be NlO4

years old, contains the pul sar PSR 0833-45 whi ch has a spin
period of 89 mlliseconds and a spindown age of ~ 11,000
years. The present energy content in relativistic particles
and magnetic field in Vela X require an initial rotation
period ¢ 50 ns for the pulsar. This, in turn, requires that
the field growt h should have taken place within the first
~ 2000 years of itslife. For the field to have grow by at
| east an order of magnitude, this will need a growth tinescal e

< 1000 years.

The LMC Super nova Renmant 0540-69. 3

This S\R has several interesting features which wll be
discussed in chapter 5. Here it will suffice to nention that
this remnant harbours a 50-ms pul sar with a spindown age of
~ 1700 yr. The age of the remant is not known, but is
estimated to be ~ 900-2000 years (see chapter 5 for a detail ed
di scussion). Constraints simlar to, but somewhat weaker than

that for the Crab nebula nay be obtained in this case al so.

Concl usi on

We thus see that if the magnetic field of pulsars are
built up after their birth, then for the four known pul sars in
SNRs the growth time for the field nust have been extrenely

short, much shorter than that envisaged by Bl andford et.al.
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(1983).

Indeed faced with the difficulty of the four youngest
pul sars having strong fields Bl andford et.al. have suggested
that if the newy born neutron star had very |arge angular
nonentumthen the field growh mght occur very rapidly. This
may happen, for exanple, if part of the rotational energy can
be converted to heat, or can be used to power the dynano
process nore efficiently. But if this mechanismis realistic,
then one is againforced to the conclusion that only a snall
fraction of neutron stars can be born spinning rapidly. For
otherwise one wll be left wth the sane problem- if the
majority of neutron stars are born spinning rapidly, and by
virtue of this their magnetic fields got built up very
qui ckly, then one will end up predicting a very high birthrate

for | um nous pul sar-produced nebul ae, which are not seen.

343 Accreting Neutron Stars

Bl andford et.al. (1983) suggested in their paper that
during the accretion phase of a neutron star in a nass
transfer binary system its polar cap regions will be heated
up. The heat wll penetrate the crust and raise the
tenperature of the interior. This will produce |large outward
flux through the cooler regions of the crust, which will [|ead
to a generation of the magnetic field of the neutron stars.
Neutron stars in accreting binaries would thus grow strong
(~10'% gauss) fields in ~106yr. Thi s appears an attractive

way to explain the high field observed in the very old neutron
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star in Her X-1. Evol utionary scenarios for this system
suggest that this neutron star nust be 3107 yr old, and
therefore its original field should have decayed (e.g.
Sutantyo 1975; Sutantyo et.al. 1986). However, if the
absorption (or emssion?) |ine observed at 55 KeV is
interpreted as a cyclotron line, then the derived field is
~10'2 gauss! But it should be renenbered that even if this
interpretation is correct, and the field near the surface is
high, it nay not be the dipole conponent but sone higher
mul ti pol e. The dipole conponent could have decayed as

suggest ed by pul sar dat a.

A nore serious difficulty with the accretion hypothesis
for field growh is the following. A nost all the recently
di scovered binary radi o pul sars have very lowfields. Two of
t hem the "mllisecond" pulsars, have a field of only
~ 5x108 gauss. At first sight it mght appear that during the
accretion phase they would have built up high fields which
coul d since then have decayed. But this is not in agreenent
with our current understanding of these mllisecond pul sars,
according to which these neutron stars were spun up to their
present periods during an accretion phase (see van den Heuve
1984 for a review. According to this scenario, in order for
them to be spun up to such extremely short periods their
magnetic field during the spin-up phase nust have been close
to the present value. V¢ shall return to this question in

chapter 9.
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344 |Is The 4 -p Distribution & Pul sars Evi dence For Field
Gowh ?

Woodward (1978, 1984) has made the followi ng argunment in
favour of field growth in pulsars. He has plotted the

nmagnet ogyro rati o

(3.37)

Magnetic moment . (P3l5)'/?_

Avxgular momentum

of known pul sars against their rotation periods (fig.3.4). He
has then divided the pulsars in this plot into two groups -
one with periods P<0.5 sec and the other with P>0.5 sec, and
suggested that the distributionof pulsars in the 4 -F plane
shows two distinct features - an evolution with A= constant
for RO.5 sec and a rapid enhancenent of  with period for
P>0.5 sec. Such a behaviour has been interpreted by Woodward

as evidence of field grow h:

AHall field limted growth (discussed in section 3.2) to

explain the 7 = constant evol ution, and

an exponential growh to explain the rapid enhancenent of

.

In this section we wish to denonstrate that the # -P
di stribution shown in fig. 3.4 can be understood

satisfactorily without invoking field growh at all.



* (1718671
‘paempoom Jo3je) weaSeIpP Syl JO 9TeOS 9U3} EPIIOXD VWWVD UOTUM JOJ SUOTIBOOT d 39Ul J3BOTPUT

aan8tJ syaz Jo dojg ayjz 3e sSmoade 3yl °*° O X mﬁammv Se pauTJap ST pue OT3IeI OoIf30j3sulem 03

8
Teuotrjaodoad ST VWWVD *saesTnd paaaasqo Jo potaad °sAa oT3eBad oafBojsuB8eW JO UOTINQTJIISTP 92Ul € 314
(s) aoryad
R 071 - ca
! ! oy Xy
s e Oo b oo » l-&ﬁ-o
. . P
e ¢ e "e o -uo"o
[ ] L ] .l 00. L] ' Y
[ ® 0. s _ o o o~ .
. ?, o R 2 oo
. * o - o ot Po o ® . .
g ° . [ N * ae 2 4 ° o .
[ ] L] .
s e . e . t. . . 4°C
% * L] [
.oo L]
A , °
. L] e [ep]
e we * g
[ . L * w
. =
¢ >
° . .
s o e ® [} L4 I Q.n
-
° o-o * [} o
[ J
[ ]
[ ]
[ ]
. .
° [ ] 4 .m.ﬁ
. 1 .




Fage 3-27

The value of <, as defined by (3.371, is a product of
the derived magnetic field [ (Pf.’)‘/z] and the rotation period
of a pulsar. A pulsar will be born near the origin of this
diagram and during the course of its evolution, it wll
travel along a straight line with a positive slope as long as
its nmagnetic field remains constant. The slope of the |ine
will be directly proportional to its magnetic field. This is
shomm in fig. 3.5 As its magnetic field decays, it wll
deviate fromthe straight line notion and drop below it. A
typical such trajectory is also shown infig. 3.5  Another
factor that will decide the distributionin the -7 diagram
is the speed at which pulsars nove along their tracks.
Portions of the tracks which are at shorter periods are
traversed nore quickly, and as the pul sar progresses, its rate
of advance is slowed down. Wiile this is true of any
particular track, the rate of advance al ong tracks bel ongi ng
to different magnetic fields will be different. The hi gher
the magnetic field, the faster will be the notion, and nore
sparsely popul ated will the track look. W have shown in fig.
3.5 two constant “"characteristic age" (= P/?.!.P) lines to give
an idea of the differential motion along different tracks.
If the pulsar magnetic fields do not decay, then the
characteristic ages will be nearly equal to their true ages,
and they w1l represent the position of the pul sar after the
given anmount of time has elapsed since its release at the
origin. Finally, the rising lower envelope of the
distribution at long periods can be understood in terns of
pul sar "deaths", that is the pulsars stop functioning when the
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2 .

voltage V<« 1?>/P (B = magnetic fieldl generated by the
. L 1

pul sar at its polar cap falls belowa critical value of ~ 10 2

vol ts.

Infigure 3.6 we have plotted a distribution of 7 vs P
of a similated population of pulsars. The pulsars in the
di agramwere generated at regular intervals and then allowed
to evolve. Their spin periods were fixed to be 100
mlliseconds at birth, but their nmagnetic fiel ds were randomy

13.5

assi gned to have a val ue bet ween 10'% to 10 gauss, with

a gaussi an weight. Pulsars were nmade to di sappear below the

"death line" given by 8, /P2 = 0.15. A field decay

12 " sec
tinmescale of 4 mllion years was used. The "snapshot" of the
popul ation was taken 10 mllion years after the first pul sar
was generated. It can be seen that a conparison of fig. 3.6
and fig. 3.4 reveals hardly any significant difference. It is
therefore fairly clear that the gross features of A vs P
di agramdo not require the presence of field growh as cl ai nmed
by Woodward. A nore detailed conparison of the sinmulated
distribution with the observed one is not straight forward,
since the sinmulated distribution does not take into account
various selection effects in pulsar surveys. However, one
knows fromthe numerous detail ed studies of pulsar statistics
(see Narayan 1987 and references therein) that the pul sar data

does not present any clear evidence of nmagnetic field growh.

Conclusion : The above analysis shows that one need not

invoke field growh to understand the distribution of pul sars
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inthe A -Pdiagram

35 DCES H ELD GROMH PROVI DE AN ALTERNATI VE TO SLOW | NI TI AL
ROTATION ?

Before concluding this chapter, we wsh to ask the
following question. |In chapter 2, we argued that the paucity
of bright plerions could be understood either in terns of
young pulsars being slow rotators, or pul sars "turning on"
| ong after the supernova remmant has di sappear ed. It would
thus appear that if one invoked field growth it would not be
necessary to simultaneously require that the najority of
pul sars are born as slowrotators. VW& noww sh to argue that
this is not consistent with the result of recent pulsar
surveys, whi ch showa distinct deficit of short-period pul sars
i.e. with P< 100 ns (Stokes et.al. 1986). It will be argued
below that even if the nagnetic field of a pulsar grows
substantially after its birth, one cannot get away from the
conclusion that the majority of young pulsars are slow

rotators.

Qur present discussionw |l concern the period evolution
of neutron stars during the phase of nagnetic field grow h.
V¢ shall consider the case where the magnetic field of the

g gauss in

pul sar grows exponentially from 108 gauss to 10"*
10° years. The nagnetic field and rotation period as
functions of tine are given by (3.30) and (3.31) respectively.
In our specific exanple, since the nmagnetic field grows by 4.5

orders of magnitude in 10‘5 years, the growh timescal e
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Tm = 9650 yr.
Infigure 3.7 we have plotted the trajectories of pulsars in
the field-period diagram for different initial rotation
periods. Qne feature is imedi ately noticeabl e - nanel y, nost
of the slowing down takes place at large fields. This is
hardly surprising because the torque increases as square of
the magnetic field. V¢ see that the slowdown is al nost
insignificant till afield of ~ 10" gauss is reached. A
neutron star starting out with a period of ~ 10 ns slows down
to at nmost ~ 20 ms when the field is fully grown, and one with
an initial spin period ~ 100 ns hardly slows down at all
during the field growh phase. It is clear therefore that if
the majority of the observed pulsars evolved fromfairly
rapi dly spinning neutron stars, then they woul d have had to go
through the hatched region infig. 3.7 But during this phase
they shoul d be detectable as pul sars. But as we see from the
distribution of observed pulsars, there are very few pul sars
inthis region. Wntil quite recently the absence of pulsars
in this region was attributed to selection effects of various
kinds. However, from a recent sensitive survey designed
specifically to look for fast pul sars, Stokes et.al. (1986)
have concluded that there is no significant popul ation of
pulsars in our galaxy wth periods between 10 and 100

mlliseconds ¥*.

* Tt should be renmenbered in this context that the three
"mllisecond pul sars" discovered so far belong to a very
different population of pulsars. Their nmagnetic fields are
~ 5.108 gauss.
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Fig. 3.7: The evolution of neutron stars during an exponential growth

of their magnetic fields. The e-folding timescale for
the mag—tic field has been assumed to be 9650 yr (see
text). Trajectories corresponding to initial rotation
periods of 2ms, 10ms, 100ms and 1s are shown. The periods
and derived magnetic fields of observed pulsars are shown
as dots. Neutron stars born with spin period less than
100ms must pass through the hatched region as.functioning
pulsars, but very few pulsars have actually been found

in this region.
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If we take this concl usion seriously, and we shoul d, then
it neans that whether or not the magnetic fields of pul sars
growwith time, the initial periods of the majority of them
coul d not have been < 100 ns. This conclusion is in agreenent
with the anal ysis of M vekanand and Narayan (1981) that nost

pul sars are "injected" with | ong periods.

Narayan (1987). has recently argued that the absence of
short period pulsars could be understood in the field growth
scenario without requiring long initial periods of pulsars.
V¢ disagree with this suggestion. The argunents presented in
this section shows that field growth is not an alternative to

long initial periods.

To sunmari ze, we have seen in this section that no cl ear,
unanbi guous evidence for the field growth of neutron stars so
far exists. Fast pulsars seem to suggest that rapid spin
would generate magnetic field very quickly - vyet the
m |l lisecond pul sars have not grown their fielda in 102 years.
Finally, the scarcity of short period pulsars in the gal axy
cannot be explained by field growth alone. No matter whether
there is field growth or not, long spin periods of pulsars at

birth seens an i nevitabl e concl usi on.

3.6 SUMVARY AND CONCLUSI ONS

In this chapter we have taken a critical look at two
mechani sns that have been suggested in the literature

concerning the generation of magnetic fields of pulsars. It
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has been suggested that these nmechani sns nay provide a natural

expl anation for the poor associ ation between pul sars and SNRs.

In section 3.2 we discussed the battery mechani sm
suggested by Woodward (1978, 1984) and cane to the concl usi on
that in degenerate stars, such as a neutron star, this

nmechani smwi || not be operative.

The thernoel ectric battery suggested by Blandford et.al.
(1983) was outlined and discussed in section 3.3. Al though
this mechanism wll work in principle and has several
attractive features, the efficiency of the process depends
critically on poorly understood details of fluid circulation
and behaviour of transport coefficients in a strong nmagnetic
field. As aresult, it is difficult to say anything wth
confi dence regardi ng, for exanple, the tinescale for growh or

the field geonetry.

In section 3.4 we have examned the observational data
for magnetic field growth and have arrived at the concl usion
that no clear, unanbiguous evidence exists for t her mal

generation of nagnetic fields of neutron stars after their

birth.

In section 3.5 we have shown that fromthe results of the
recent pulsar surveys it is quite clear that field growh of
neutron stars cannot be considered as an alternative to |ong
rotation periods at birth. Irrespective of whether the
nmagnetic field grows or not, slowrotation at birth remai ns an

i nevi t abl e concl usi on.
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