Chapter 2

MAGNETIC FIELD
EVOLUTION

21 Magnetic Field in Neutron Stars

The observationally inferred strengths o the surface dipole magnetic fields d most of
pulsarsfall in therange ~ 102-10'® G as may beseenin Fig. 21. Theorigind thefield
is thought to be due to flux freezing during the collapse of the core of the progenitor
star: the magnetic flux in the core of the progenitor star is assumed to be conserved
during the collapse resulting in field strengths as large as 1014-10!¢ G in the neutron
star. This was anticipated by Woltjer (1964) and Ginzburg (1964) before pulsars were
discovered. The uncertainty in this hypothesis lies however in the lack of observational
evidence for the field strengths in the core & massive stars. No measurements o the
magnetic fields exist for mainsequence stars massive enough (3 8 My) to give birth to
neutron stars. Among the somewhat lower mass stars, only the "chemically peculiar”
have field strengths ~ 1000 G. The surface field in these cases is inferred to have a
dipolar geometry with the dipole axis inclined at some random angle to the spin axis
d the star. The structure d the interior field within the star is not known but there
are evidences that a substantial part of the lux may reside in the core. The observed

fieldin these lower mass stars in the upper mainsequenceis thought to be generated by
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Figure 2.1- Distribution o the measured spin periods P, and inferred surface dipole
magnetic fields B, o the observed Galactic and Magellanic Cloud radio pulsars. Single
pulsars are shown by small points. Those surrounded by double circles are in supernova
remnants. Binary pulsars are indicated by ellipses with the appropriate eccentricity of
the orbit (which look like circles for the lower eccentricity systems). Two solid lines
o the indicated constant characteristic ages, and the spin-up line corresponding to the
Eddington accretion rate (the dashed line) are indicated. The shaded boundary line is
the death-line discussed in § 2.3. Note the absence o radio pulsars to the right of the
death-line. The upper part o the death-line is that defined by the condition for pair
generation in the magnetospheric gap (§ 2.3) while the lower part is modified due to other
effects mentioned in § 2.4.2. Also note the near absence o disk-population radio pulsars
in the region with field strengths in the range 10°-10%° G which isreferred to as the "gap"
region. [adopted from Phinney & Kulkarni 1994]



dynamo processes occurring in their convective cores (Ruderman & Sutherland 1973;
Borra, Landstreet & Mestel 1982). The same mechanism could be the sourced thefield
in the cores o the more massive stars which finaly collapse and form neutron stars.
The frozen-in magnetic flux upon contraction will then result in an enhancement of

the field in proportion to the squared o the ratio d theinitial and final radii.

Alternatively, Blandford, Applegate & Hernquist (1983) have proposed that the
magnetic field o a neutron star isgenerated after it isformed by thermoelectric effects
inthecrust. Theoutward lux o heat through thecooling crust o a newly born neutron
star is shown to giveriseto electricfields which could amplify an already existing seed
magnetic field. The inward temperature gradient VT, drives an outward heat flux
which is carried by the electrons. The existing seed field 50 will cause deflection o the
otherwise radial trajectories d the electrons perpendicular to thefield. The deflection
of the (hotter and hence faster) outward moving electrons will be more than and in
the opposite direction to the (colder and hence dower) inward moving electrons. A
heat flux Q and an associated temperature gradient VT, would therefore develop in
a direction perpendicular to both VT, and B,. The additional pressure gradient due
to ﬁTl has to be balanced by a thermoelectric field E'}h. The field E’}h has a non-
zero "curl" and thus a corresponding magnetic field B, is generated in this process:
V x Ey = 12B. The initial seed field B, is hence amplified if the generated field
B has a component parallel to it (viz. Bo.B; > 0) and if the growth rate is faster
than the Ohmic dissipation rate. Furthermore the above mechanism is expected to be
more efficient if a liquid layer is also present on the top of the solid crust which could
enhance the seed field through dynamo processesas well (Blandford et al. 1983, Urpin,
Levshakov & Y akovlev 1986).

In thelatter mechanism for the field generation the magnetic flux is expected to be
constrained within only the crusts o neutron stars. The scale length o the generated
field by the thermoelectriceffects is characterized by the size of the region with highest
temperature gradient VT, which is o theorder o the melting depth ~ 100 m. The

newly generated flux in this region would diffuse inward but it will mainly remain
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confined to the outer layers o the crust which has a thickness > 1 km. The highly
conductive diamagnetic (or superconductive) core d a neutron star would not permit
the newly generated field to penetrate into it. In contrast if the field is that amplified
(or generated) during the collapse d the progenitor core then the flux is expected to
permeate the whole neutron star more or less uniformly.

The magnetic field of a star o radius R and uniform conductivity ais expected to

decay exponentially with a time scale

4 ¢ R?

— (2.1)
A crust limited field would likewise decay on the Ohmic timescae
4o, L?
TOhm = —cz_ (22)

where a is the mean electrical conductivity in the crust, and L is the thickness of
the crust which is assumed to the characteristic length scale for the currents (Cowling
1957, p. 5). A study o theevolution of the magneticfield in the crust of neutron stars
has revealed that contrary to the above expectation it behaves differently than a purely
exponential decay. The calculations predict an initial decay by only a factor e on the
expected time scale of Tonm ~ 107 yr for the given conductivity o the crust. The decay
rate is however found to be dowed down at later times due to the inward diffusion
of the flux toward the higher conductivity regions (Sang & Chanmugam 1987). The
overall decay timescale d the magneticfield o neutron stars even if it is restricted to
only the crust is therefore expected to be much larger than the value o 7onm given by
Eq. 2.2.

On the other hand, the fossil field would be threading through the stellar core
as wdl as the crust. The very large conductivity d the core d neutron stars would
imply an Ohmic decay time scale > 10*? yr for the core component o thefield (Baym,
Pethick & Pines 1969). Nevertheless, for a "normal™ (ie. non-superconducting) fluid
core in order to support a dipolar magnetic field the field is required to be stabilized
by currents passing through the crust (Flowers & Ruderman 1977). The field in the

fluid core would otherwise decay rapidly on the associated MHD relaxation time scale



which would be as short as few years. Different sub-volumesd the core would tend to
rotate upside-down with respect to the magnetic axis such that opposite poles come
close and cancel each other. Thefidd stabilization might be achieved either by freezing
d theflux in a crystalized crust and/or (even before that) by a strong toroidal field in
the crust. The MHD relaxation mechanism cannot then proceed since it requires the
toroidal field lines to be twisted and thus the field energy to be increased. In either
casethelifetimed thesupporting currentsin the crust and hence the decay time scale
d the dipole field in the normal fluid core o the star would be still decided by the

Ohmic dissipation time scale ron, o the crust.

The picture changes drastically when the superconductivity d the protons in the
fluid core d the star is taken into account. A fundamentally important property of a
superconductor is its dimagnetic behavior in expelling an applied magnetic field (the
Meissner effect). This effect is however limited to fields smaller than a thermodynamic
critical value H,;. For applied fields larger than H.. superconductivity is destroyed.
Nevertheless magneticfiedd might penetrate into a sample without destroying its over-
all superconducting state. The way this happens is different in the two different types
o superconductors. A type-l (type-11) superconductor isthe one for which the London
penetration depth A is smaller (larger) than BCS correlation length ¢ [x+/2]. In the
type-1 at some values d the applied field < H., the whole body forms afinely divided
laminar structure d alternate superconducting and normal domains with surfaces par -
alel to the field direction and thicknesses s0 that all the penetrating field is carried
by the normal lamellae. The strength d the field at and above which this transition
to the so-called intermediate state occurs depends on the shape of the sample; for a
sphereit is %HC,. In type-11 superconductors on the other hand the field penetration
is achieved over a comparatively wide range d field values between two critical values

(Ha < H. < H.;) which are independent o the shape o the body.

The existing fidd in the interior of a neutron star at the time o its transition to
proton-superconductivity is, however, much smailer than H,;. According to the usual

laboratory experience this should imply a complete Meissner expulsion d the flux from



the coreinto the crust at the onset o core-superconductivity. However due to the very
large conductivity o the matter in the interior o a neutron star it is argued that the
Sfluz might not be expelled during the transition d the core to a superconducting state
(Baym, Pethick & Pines 1969). The resistivity in the "normal™ phase is decided by
scattering o electrons df the protons which are extremely degenerate and result in a
very large value for the conductivity ~ 1.5 X 10?° s=! (compare with that of copper

being <10'8 s7!). The associated Ohmic decay timescale for a neutron star o 10 km

: g R? . . . .
radius Teore ~ 47;,‘ ~ 10 yr, where R, is the radius of the core. The expulsion time

scalefor thefield present at the onset of superconductivity in the coreis thus estimated
to be ~ }—fc,f_:Tco,e ~ 10® yr, where B, is the strength o the existing uniformfield in the
core d the star. This is simply because nucleation o the superconductivity and the
expected initial expulsion d theflux out d acentral part of the core due to the Meissner
effect could only proceed until a maximum sized the flux-free superconducting central
region is achieved. Namely the growth o the nucleation will be stopped when the
cross sectional radius d theinner region (perpendicular to the magneticfield) reaches
a maximum value Ry such that the swept out field into the normal outer region reaches -
the value o thecritical field H;;. Further growth d theinner superconducting region
and expulsion o the field will make thefield at its surface larger than H; which will
either destroy the superconductivity of theinterior region (type-1) or elsecausethefield
to penetrate into it (type-11). If superconductivity of the core as a whole isto bein a
flu free Meissner phase the relevant expulsion time scale would be therefore same as
the decay timescale d the accumulated flux in the outer region (with a characteristic

thickness ~ R. — Rym). Thus, Ry could be determined from the condition
B, 7I'R‘2: = chrit 2rRm(R. — Rwm) (2.3)
where it is assumed that (R. — Rm) << R. because B. << Hq;;. From EqQ. 2.3 one

obtains

Rc - RM Bc
R. H;

The decay timescale of thefield in the outer region would be ~ (&—;‘M)z Teore (Eq. 2.1)

(2.4)



which together with Eq. 2.4 verify the above estimate for the expulsion time scale.
Superconductivity o the protons in the interior d a neutron star therefore sets in
without expelling the existing field B.,.

The protons in the core o a neutron star are believed to form a type II supercon-
ductor since for protons the penetration depth A ~ 101! cm and the coherencelength
& ~ few x 10712 cm. The penetrated flux in the mixed state (or Shubnikov phase) of
a type-11 superconductor is arranged in theform d a lattice & microscopic flux tubes
(fluxoids) each carrying a quantum of flux

he
2e
2x 1077 G cm? (2.5)

o =

The magneticfield in thefluid core is expected likewiseto be bunched into thefluxoids
forming a triangular uniform lattice (Abrikosov lattice) as in the mixed state (see
Fig. 2.2).

Thefield o each fluxoid falls off exponentially with distance from the axis o the
fluxoid for large distances (>> A;) while close to the axis it follows a logarithmic
dependence. The averagefield inside afluxoidistherefore estimated as By ~ % ~ 2X
10'®* G Thefield configuration changes from its confined geometry within the fluxoids
in the core of the star to an aimost uniform field threading through the interstitial
spaces between nuclei in the crust. The turn over in the field geometry occurs over a
short length scale (~ A) above the transition surface between the solid crust o nuclei
to thefluid core quantum liquid. The stability d the field geometry against the large
gradient of the magnetic pressure across the turn over region is achieved by a balancing
force due to deformation o the transition surface from local planarity. Theforce arises
because o the surface tension associated with thefirst-order transition d the nuclei to
the core liquid (Harvey et. al. 1986).

The magnetic flux frozen into the core superconductor is of course expected to
survive indefinitely except if fluzoids are driven out of the superconductor by some
"external” agent. Our studiesd thefield decay in neutron starsin thisand thefollowing

chapter adopt this viewpoint. In the present chapter predictions o the original model of
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Figure 2.2a- Schematic representation of the Abrikosov fluxoids in the mixed state
(the Shubnikov phase) of a type-11superconductor. Magnetic field and suppercurrent are
only illustrated for twoflux tubes. [from Buckel 1991)
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Figure 2.2(b)- Direct observation of the individual flux lines (the Abrikosov fluxoids)
in the mixed state o a type-11 superconductor. The fluxoids are arranged in a regular
triangular lattice (Mag. 9000x). Colloidal particles with diameters of less than 30 nm
formed from evaporated iron are made to sediment slowly onto the surface of the super-
conductor out o which flux tubes are emerging. Each tube contains one flux guaatum
$o asindicated in Fig. 2.2a for two flux tubes. The ferromagnetic colloidal iron particles
deposit at those places where the flux tubes emerge from the surface since the strongest
fieldsare to befound there. It isthus possible to decorate the flux tubes' spouts azd then
use the methods o electron microscopy to make the structure visible. The pictureis due
to Essman & Trauble 1967. [from Buckel 1991]



spin-down-induced flux expulsion (Srinivasan et al. 1990) are explored. The "external”
agent which drivesthefluxoidsout d thecorein this model isthe pinning o thefluxoids
with the neutron vortices. In chapter 3 the picture is expanded by bringing in the role
of the other forces acting on the fluxoids in the core d a neutron star, in addition to
the pinning force.

The decay o the surfacefield of neutron stars in these models is nevertheless still
governed by the Ohmic timescalefor the expelled flux within the crust. However it has
to be noted that the inward diffusion of theflux in the crust which was found (Sang &
Chanmugam 1987) to cause an increase in the effective decay scale o the crust is not
expected to occur in these models. The Ohmic decay timescaleadf the crust in this case
is just that due to the exponential decay in the crust associated with the conductivity
o the crustal matter (Bhattacharya & Datta 1996).

211 The Fidds of X-ray Pulsars versus Recycled Radio

Pulsars

Neutron stars are generally detected as either rotation-powered radio pulsars (being
single or in a binary normally with another compact stellar remnant) or accretion-
powered X-ray sourcesin binary systems. Rotation periods and surface magneticfields
assigned to the neutron stars in these two different types of systems and even in their
observationally distinct subclasses are found nonetheless to span different ranges of
values.

The low magneticfied strengths of binary pulsars, millisecond pulsars, and pulsars
in globular clusters, all believed to be old neutron stars, strongly support the idea of
magnetic field decay in neutron stars. On the other hand, the present field strengths
(> 108 G) o theseobjects seem to be stable (van den Heuvel, van Paradijs & Taam 1986;
Kulkarni 1986; Bhattacharya & Srinivasan 1986) thus ruling out a simple spontaneous
Ohmic decay as the cause o theearlier field reduction in these objects. An exponential
decay with a time constant even of the order of 10® yr would result in negligibly small

valuesfor the strengths d the magnetic fieldin neutron stars with ages more than few



x10° yr. Most of the above mentioned short-spin period low-magnetic field pulsars
are indeed believed to be old neutron stars "recycled" (ie. spun-up during a Roche-
lobe overflow mass transfer) in Low-Mass X-ray Binaries (LMXBs) (Radhakrishnan &
Srinivasan 1984; Alpar et al. 1982).

The observed differencesin the spin periods has been explained through the effects
of the interaction d magnetosphere o a neutron star with the matter accreted from
its mass-losing companion in a binary system (eg. Pringle & Rees 1972; Illarionov &
Sunyaev 1975). Certain evolutionary routes among various systems have been hence
established with additional constraints on the expected ages and lifetimes d neutron
stars in the various systems(eg. Taam & van den Heuvel 1986). The evolution of
the magnetic field has to therefore not only account for the observed range of the
field strengths in the different types o sources it should be also consistent with the
requirements o the spin evolution of neutron stars in binaries. The popular belief is
that young pulsars possess strong magnetic fields > 1012 G which might at least under
some conditions that is apparently connected with a binary history o the star, decay
down to values ~ 10 G. While the issue d the field decay in isolated radio pulsars
has remained controversia since their discovery the association between the presence
d neutron stars in close binaries and their field decay has been generally accepted
following the discovery o low-field binary and millisecond pulsars (see eg. the review
by Srinivasan 1989). -

Thestrength d the surface dipole magneticfieldof radio pulsarsisusually estimated
by assuming that the observed spin-down d thestar is due to a torque same as that of
a magnetic dipole d the same strength rotating perpendicular to its axisin vacuum :

I = "3_25 B? RS Q° (2.6)

From this one obtains

33 I P, B\?
B, = ( 877 RS )

= 32x10" (P, P.)% G (2.7)

where P, and P, are in units of seconds and s s~1, respectively. It isimportant to note



however that observationally there exists no direct and model independent measure-
ment o the strengths d the dipole magneticfields d neutron stars. Also, theoretically
there is no consensus regarding the origin as wel as the structure and distribution of

the fields inside these stars.

The inferred field strengths d the observed binary pulsars in double neutron star
systems (such as PSR 1913+16) are on the other hand ~ 2 orders of magnitudes
smaller than that usually assumed for HMXBs which are presumably their immediate
progenitors. The normal Ohmic decay o the field in the crust for any given value
of 7onm2 10° yr cannot be clearly the effective mechanism for such a reduction in the
surface fields since the assumed transition from the X-ray phase to the birth o the
recycled pulsar is expected to occur over a period < 10% yr. A short-term enhanced
field decay (see § 2.4.3) occurring at the fina stages o the X-ray phase in HMXBs has
to be invoked in order to account for the apparently large differencesin magneticfields
of the neutron stars at these successive phases o their binary evolution. Alternatively,
one might argue that the observed double neutron star systems have descended from a
possibly low-field sub-class o HMXBswhich might not also show any regular pulsation
in their observed X-ray emissions. In fact, field strengths as low as ~ 10° G has been
suggested even for some of the pulsating HMXB sources (Ruderman 1987). Hence,
while the low-field HMXBs could be considered as the progenitors o recycled pulsars
similar to PSR 1913+16, the strong-field pulsating HMXBswould be expected to result
in recycled pulsars which will first show up in the "injection” region (cf. § 2.3.1). The
latter objects will evolverapidly along vertical tracks which extend in most cases down
below the "death”-line shown in Fig. 2.1, as will be discussed in § 2.3 and § 2.4.3.

The apparent inconsistency in the strengths d the magneticfieldsin the above two
classes o objects should be however treated cautiously since the existing estimates of
the dipolar fields o neutron stars in HMXBs are subject to large uncertainties. The
direct observational measurements based on the frequencies o the observed cyclotron
X-ray absorption linesin some d these sources reflect in principle only the local field

strengths in the X-ray emission region which need not be the same as the dipolar field



33

of the star (Flowers & Ruderman 1977; Srinivasan & van den Heuvel 1982). The spin
behavior of an accreting neutron star is on the other hand used to estimate its dipolar
field based on the predictions d the accretion torque theory (Ghosh & Lamb 1979).
Uncertaintiesin the theory and aso in simultaneously measuring the spin-up or spin-
down rates and the accretion luminosities (as is required in the theory) lead however

to large uncertaintiesin the inferred values for the magnetic fields.

2.2 Spin-down-Induced Flux-expulsion (SI F)

A model for the evolution o the magnetic field in neutron stars has been proposed
which relates it to the spin evolution of the star in an essential way (Srinivasan 1989;
Srinivasan et a. 1990). An increase in the spin period o a neutron star has been
suggested to result in a decrease in the strength o the stellar magnetic field which is
assumed to be embedded in the superfluid-superconductor interior of the star. The
magnetic flux is assumed to be transported out o the core, at the same rate as of the
spin-down o the star, into the crust whereit is expected to decay subsequently. The
evolution o the external surface field o a pulsar is hence determined in this scenario

by its spin-down history and the decay time scale o the magnetic flux in the crust.

2.2.1 The Mechanism

In the Spin-down-Induced Flux expulsion (SIF) model, the pinning between the neutron
vortices and the proton fluzoids in the superfluid core of a neutron star causes the
magnetic fluz to be ezpelled into the core-crust boundary as the star spins down. The
core d a neutron star is believed to consist mainly of neutrons in a superfluid state
and protons in a superconductor state, the latter contributing only to a small fraction
o the total mass. The rotating core superfluid is furthermore expected to be in a
vortex state with approximately 2 X 10 P, vortices parallel to the rotation axis of
the star, where P, is the spin period in units of seconds. Since the superfluid state may

be represented by a single macroscopic wavefunction \Il(ﬁ) = [\P]eie(ﬁ) throughout the



condensate, the superfluid velocity field v, « VO which shows that a bulk superfluid
rotation (which requires V x # 0) isimpossible except around existing singularity
points d the wavefunction. A superfluid is therefore expected to mimic a nearly rigid-
body rotation (as normal fluids) by formation o quantized vortices within which the
density d the superfluid matter approaches zero. The presence d the vortices and the
dependence d their number and distribution on the rotation rate in a rotating sample
o superfluid Helium has been verified in laboratory experiments (see Fig. 2.3). These
are the entities which carry the angular momentum associated with the bulk rotation
o asuperfluid (in the cased neutron superfluid in the core o a neutron star) and their
total number has to decrease through their outward motion in order for the superfluid

to spin down.

An assumed frozen-in magnetic flux in the cored aneutron star is also believed to
be confined within the cores o ~ 10'° B, fluxoids which are parallel to the magnetic
axis o the star, where B. is the average field strength in the corein units of Gauss. A
reduction in the number o these flux lines corresponds to a reduction in the magnetic
field strength in the core o a neutron star. The proton fluxoids and the neutron vortex
lines are furthermore expected to act as pinning sites for one another. The pinning is
associated with an energy barrier for or against an overlap o the two vortex-structures
which are both magnetized and consist  normal non-superfluid matter close to their
axes (Muslimov & Tsygan 1985; Sauls 1989). The resulting effective pinning force is
estimated to be ~ (0.1 - 1.0) x 10° dyne per connection for the different suggested
interaction mechanisms (Sauls1989; Srinivasan et al. 1990; Bhattacharya & Srinivasan
1991). Theradially outward motion o the neutron vorticesdue to the spin-down o the
star istherefore suggested to induce afield decay in the core assuming that the fluxoids
are also swept out along with the vortices due to their interpinning (see Fig. 2.4). In
the original model of SIF d Srinivasan et al. (1990) it was suggested that the rate
o this sweeping is complete namely the fractional change in the number of fluxoids is
same as that o the vortices. In other words the two types of the lines were assumed to

move with the same radial velocity at all times.



Figure 2.3- Photograph of stable vortex arrays in rotating superfluid Helium. Different
pictures (dark circles) show states with vortex numbers from 1 to 11, and correspond to
angular frequenciesbetween 0.30s~! t00.86 s~!. However the correspondence between the
observed vortex number in the successive pictures and the rotation rate is not monotonic.
The particular state d the superfluid is not determined by the current rotation rate
alone but also by its past history as well. Monotonic acceleration from rest produces a
state with fewer vortices than predicted for the given rotation rate, apparently due to the
effect of pinning of the vortices to the walls of the bucket. The diameter of the dark circles
correspond to the 2 mm bucket diameter. The actual location o the bucket relative to the
arrays is not known and the arrays were manually superimposed symmetrically within the
circles. The basic technique to record the vortex line's position utilizes electron bubbles
(ions) trapped in the cored a vortex. This trapped chargeis extracted through thefluid's
meniscus (where the vortex meets the free surface) and is then imaged onto a phosphor
screen, amplified, and recorded. [fromYaemchuk & Gordon 1979]
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Figure 2.4- @ A view o theequatorial plane of the core of a rotating neutron star show-
ing an idealized geometry o the arrangement of the neutron superfluid vortices (parallel
to the rotation axis) and the proton superconductor fluxoids (parallel to the magnetic
axis ). For the purpose o illustration the magnetic axis has been assumed to be perpen-
dicular to the rotation axis. h) A more realistic state of affairs in the presence o strong
interaction between the vortices in the two superfluid mixture. [from Srinivasan et al.
19901



A more detailed treatment o the dynamicsd fluxoids motion should however take
into account all the other forces which might act on them and should aso alow for
thefinite strength d the pinning force and hence for the possibility o the two types
of lines moving with different velocities and overtaking each other. The effects d such
considerations on the magnetic evolution o neutron stars have already been investi-
gated by Ding, Cheng & Chau (1993), although they restricted themselvesto the case
o adipole spin-down phase whichis applicable only to solitary pulsars. In this chapter
we will follow the prescription o the original SIF model by assuming that the rate of
the expulsion of the magnetic fluz out of the coreis always equal to the spin-down rate
of the star. Thus the following expression will be used for calculating the rate o the
flux expulsion out o the core d neutron starsfor given spin-down rates:

B. s

== _I_I;: (2.8)
wherea dot denotes atimederivativeof the respective quantity. The coupled dynamics
of the fluxoids and the vortices will be discussed in the next chapter.

Given a superfluid-superconductor mixturein the interior o a rotating magnetized
neutron star together with the associated neutron and proton vortices the distribu-
tion and the geometry o these vortex lines is further uncertain. Neutron vortices are
thought to form a uniform triangular lattice o straight lines parallel to the spin axis
(Ruderman & Sutherland 1974) which could however be subject to a radial gradient
o the number density o the lines supporting differential rotation of the neutron su-
perfluid. The fluxoids could have a distorted and entangled geometry as it is found
to occur in laboratory superconductors (Nelson 1988; Huse, Fisher & Fisher). A sta-
bilizing toroidal field component might be aso present in the fluid core d a neutron
star in addition to the dipolar field, should the crystalization d the crust does not
take place early enough (Flowers & Ruderman 1977). The toroidal component present
at the onset d superconductivity in the core would result in a complicated distorted
geometry o the fluxoids. Such geometries of lines would indeed further increase the
effectivenessd their suggested inter-pinning with the vortices even though two inclined

uniform lattices of parallel lines would be sufficientto do the job, viz. take the fluxoids



out along with the vortices.

The predicted behavior d the surface field d neutron stars according to the SIF
model depends on the rate of decay d the expelled magnetic flux within the crust.
The Ohmic decay o the currentsin the crust is however subject to uncertainties about
the correct value o the conductivity o the matter in the crust. Also, the assumed
distribution and boundary conditions d the magnetic flux in the crust further affects
the inferred effective rate d its decay as mentioned earlier (§ 2.1). The evolution of
thefield in the crust is further complicated due to other possible processes namely a
radial Hall drift o the expelled flux and an associated turbulent cascade mechanism
for the currentsin the crust which could result in a redistribution o thefield and hence
a change in the rate o its final Ohmic decay (Jones 1988; Goldreich & Reisenegger
1992). Different valuesfor the effective decay time scale o the field in the crust are

therefore used in our model computations in order to explore various possibilities.

2.2.2 General Predictions of the SIF Modd

The coupled evolution d spin periods and magneticfieldsas predicted in this model has
different bearings for the single neutron stars which are subject only to the persistent
decelerating dipole torque, in contrast to those in close binaries. In the latter case
interaction of the magnetosphere with the matter accreted from the stellar wind o a
companion star may result in torques of either signs and varying magnitudes which
act on the neutron star at the various stages o its evolution. This model predicts that
while the fields d the isolated neutron stars which have only a small rate o slowing
down may not decay significantly, those o thefirst-born neutron starsin binaries would
decay substantially because d the spin-down to very long periods that can occur in
these systems. As had been already pointed out (see Fig. 2.5) the maximum spin
period Pnax to which the neutron star is dowed down during the "propeller” phase
will uniquely determine the fina value o the residual magnetic field in the recycled
pulsar that will be born at theend d the accretion phase d the binary (Srinivasan et
al. 1990).
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Figure 2.5- The rotational history and the evolution of the magnetic field o neutron
starsin binaries. Figure ais appropriate for the case o neutron stars in a binary with a
massive companion whose mainsequencelifetimet.< Tonn thefield decay timescalein the
crust. Inthiscase the decay o thefield will lag behind the rapid period lengthening. The
asymptotic field will be determined by the maximum period to which the neutron star is
slowed down. Figure b is for the case when ¢, >> ron,, Which may obtain in low-mass

binaries. Here the field decay will 'track' the period o rotation. [from Srinivasan et al.
19901



The quantity Phax playsaspecial rolein determining the properties and final fates
d the recycled pulsars. The strength o the surface magnetic field Bgr o a pulsar just
after recycling as predicted in SIF is given (approximating the time interval between
achieving Pp.x and P, in the binary to be comparable with the mainsequencelifetime
d the companion star t.; see Fig. 1.2 for this and a recapitulation of the meaning of

the various quantities used in the present discussion) as:
Br = (B, — .Bf) e—%t-:; + B
~ B e 7om + B (2.9)

where Tonm 1S the decay time scale of the magnetic field in the crust, and Bs is the
predicted final value d thefield given as:

Pmax -1
By = (T) B; (2.10)

The post-recycling evolution d the pulsar will further depend on the ratio ;‘-‘)f;, where

tsq IS the characteristic spin-down age o a pulsar and is defined as

P,
tea = -
¢ 7 2B
P 2
= 1.6 x 107 (~—) yr (2.11)
B,

where By,2 = 10'5 P, P, has been assumed, B;, is the surface field strength B, in units
of 10'* G, and P, is in units of seconds. Assuming aratio d & = fms ~ 2 x 10*
(which is suggested by our model computations discussed in § 2.4) to prevail for most
of the recycled pulsars two distinct classes o recycled pulsars are thus distinguished,

based on the corresponding values of %:—:

tc
1. In systems with a %> 10 (ie. e7orm ~ Emax 2 X 10%) the flux expelled out of
the core of the neutron star into its crust would have completely decayed by the
time the recycled pulsar startsits new life, and no further field decay is expected

during the subsequent evolution of the recycled pulsar, namely By ~ Bg.

2. Binaries with a T—;‘; < 10, on the other hand, would be subject to further

magnetic decay while functioning as a recycled pulsar. Two subclasses are,



in principle, possble among these pulsars which are expected to experience a
so-caled "delayed” fidld decay (Srinivasan et al. 1990):

a) If Z.a < Tonm at and around the P., from which the recycled pulsar starts
off, it will initially move along a constant magnetic field path on the
B, — P, plane. Such pulsars will eventually acquire long enough periods
corresponding to valuesd t,q4 = Tonm and their evolutionary trackswould

therefore bend down and cross the death line vertically.

b) In the other extreme where the condition t,3 >> 1o, IS Satisfied at the
given P.q, theevolution of the pulsar would be along a vertical path and
at a constant period (equal to its P.q) until its field decays to the fina
expected residual value. The pulsar would then evolve along a constant
field track, if its downward evolution had not already crossed the death-

line.

From the above discussion it is clear that the behavior of pulsars recycled in low-
mass long-lived systems is determined basically by the values o Pnax Which they have
attained at some stagesin their past histories. On the other hand, the dominant factor
in the case of those descended from short-lived massive binariesis the Ohmic timescae
Tonm- 1 he predicted behavior o the latter systems is therefore expected to be more
sensitive to and hence might be used along with the corresponding observational data
to further constrain the assumed value o Topm.

In this chapter we explore this problem quantitatively, and ask under what condi-
tions would such an evolution best reproduce the observed properties of young as well
as old neutron stars. We consider a simple model for the evolution o neutron stars
in binary systems as wdl as single pulsars, taking into account the spin-down-induced
flux expulsion and several possible values for the Ohmic decay time scale in the crust.
In section 2.3, implications d the adopted field decay model for the observed properties
o single pulsars are explored assuming the same value for the field decay time scalein
the crust d a neutron star as that inferred from our results from the binary evolution

calculations. In section 2.4, the adopted model for the spin evolution o neutron stars



in binary systems is described based on the discussions o chapter 1. The expected
post-recycling behaviors d pulsars processed in binaries with companions o various
masses are then considered whileindicating specific cases corresponding to some of the

observed systems.

2.3 Solitary Pulsars

If dipole magneticfield d neutron stars is assumed to decay exponentially with a time

constant Tonm then Eq. 1.24 for the spin-down rate due to the dipole torque leads to

-
X € ‘'ohm (212)
which may be reduced to the form
d /P\? 1 __2e
?.E('P_o) = peTo (2.13)

where P, and ¢, are the spin period and the characteristic age o the pulsar (t,q = 5;:

at birth (t = 0). Integrating this the time variation of the quantity ¢4 may be found

as

ta = [to+T°2hm (1—e‘%5;‘)] e7onm (2.14)

which shows that for the case d exponential field decay the pulsar characteristic age
tsa grows exponentially with time and is much larger than the true age t. On the
other hand for the case o the SIF model using B,(t) « Q(t) which is valid for times
t > Tomm and assuming a spin-down rate due to the dipole torque (Eq. 2.6) it is
predicted that at late times the magnetic field will decay very dowly as B,(t) « i+,
and the characteristic age is similar to the true age ¢,a(t) ~ t (Srinivasan et. al. 1990).

The statistical properties d the population o solitary pulsars asimplied by the SIF
scenario would be quite different from that o a pure exponential field decay. By a pure
exponential field decay model we mean one in which the whole magneticflux within the
star is assumed to decay exponentially, with no additional constraint. Considerations

based on the computed evolutionary behavior and lifetimes of solitary pulsars provein



fact to be very useful in this regard as discussed in the following. The results o these

studies may be used to infer an effectivevalue for the crustal decay time scale Topm.-

The observed single pulsars have spin periods extending from 0.03suptol1-5s
(seeFig. 2.1) whichis believed to represent also therange o their spin evolution during
a pulsar active lifetime (we do not consider the "millisecond pulsars" in the present
context). According to the SIF model therefore a decay by a factor of 30 — 170 in the
surface field is expected for these pulsars during their lifetimes provided g = Tohm
when they die Although the predicted evolution d pulsarsisin the beginning similar
tothat o a purely exponential field decay model, however thefinal restricted decay due
to SIF has a distinct effect on the expected pulsar population. Asisshownin Fig. 2.6a,
the predicted paths o pulsars on the B, — P, plane in general bend down (asin the
exponential model) and extend vertically at an aimost constant P, once tsa = Tohm IS
satisfied. However, if the vertical path does not cross the " death"line which happens
for an assumed value o Tonm< 107 yr for pulsars with a value o B;(G)g< 10'%%, its
subsequent evolution is expected to be along a track corresponding to a power-law
dependence of the magnetic field on time, namely B, at~% (Srinivasan et al. 1990).
During this period the decay d thefield in the crust will keep pace with the expulsion
d theflux which occurs with a timescale equal to t,q4, and no further substantial field
decay will occur beforethe pulsar dies. Thelow-field pulsars would therefore experience
arestricted field decay by less or an order o magnitude during their lifetimes and will
populate the region with B,5 10 G (Fig. 2.6a) in the observed pulsar population.

Consequently, the active lifetimes of these pulsar are predicted to be much larger
than for the exponential model, or if one assumes nofield decay at all during the pulsar
lifetime. The theoretical determination o the active lifetimed a pulsar (ie. the time
to cross the "death-line" in the B, — P, plane) is based on the idea that the radio
emission is due to charged particles which are produced in a gap in the magnetosphere
of the star (see for example the review by Srinivasan 1989). The gap lies above the
magnetic-polar cap and a potential differencedf ~ 10*? volts appears across it which

is supported by the the potential difference between the poles and the equator of the
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Figure 2.6(a)- Spin and magnetic field evolution o solitary pulsars born with the dif-
ferent assumed initial field strengths and a given initial period (= 0.1 s ) are shown,
according to predictions of the spin-down-induced flux expulsion scenario. Positions of
the neutron stars at various ages are marked on each track, and the spin-up and death
lines are also shown. A value o rop, = 107 yr has been assumed.



pulsar which acts like a unipolar rotator (Goldreich & Julian 1969). The gap not
only servesfor the acceleration but also for generation d the charged particles namely
electron-positron pairs. These are accelerated in the gap region along the magnetic
field lines and produce very high energy 7-rays. The 7-ray photons in presence d the
strong magneticfield in turn decay to new electron-positron pairs, the cycleis repeated
and a cascade develops. In the pair creation model (Ruderman & Sutherland 1975)
when the voltage generated by the pulsar (which is 1%) drops below a critical value,
copious pair production will cease and the pulsar will die. The radio-active lifetimes o
pulsars will be hence computed using the condition % = 0.2x 10*? (Chen & Ruderman
1993) which defines the death-line on the B, — P, plane as shown in Fig. 2.1.

The predicted lifetimes d pulsars as defined above allowing for their spin-field
evolution asin SIF are presented in Fig. 2.6b. The computed lifetimes o single pulsars
with various values d B; according to both SIF and the free exponential model are
plotted for the different assumed valuesd 10° < Tona(yr) < 10°. Asexpected Fig. 2.6b
shows a marked increase in the lifetimesfor those pulsars which undergo a restricted
field decay predicted in the SIF model. The lifetimes o pulsars with comparatively
largeintid fields are seenin Fig. 2.6b to increase by an order d magnitude or lessfor
the assumed values o Tonn < 10® yr according to SIF as compared to that expected
if the field were to decay freely (marked as “Exp.” on the figure) or not to decay at
al. The latter case o no field decay may be judged from the behaviour o the curves
for the larger values o 1onm, IN Fig. 2.6b. The predicted increase in the lifetimes is
obviously due to the decreasein thefield values (as compared to the case o no decay)
and that it does not result in a crossing o the "death-line" (in contrast to the free
decay model). Furthermore, the increased lifetimes of the low-fidd pulsars are also
seen to be larger for the smaller values of 7onm iN contrast to the behavior expected
in the exponential model (Fig. 2.6b). The behavior and lifetimes o pulsars with large
initial field strengths (B;z 10**% G) are however the same for both models since they

evolve along similar tracks until they cross the “death”-line.

Theevolutionary behavior and theenhanced lifetimesd those solitary pulsars which
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undergo a "restricted" field decay presented in Fig. 2.6a and Fig. 2.6b could account
for the origin d the low-field (B,< 10 G) pulsars which are observed to have only
spin periods P> 0.5 s. This would require, nevertheless, values d Tonm< 107 yr. The
low-field pulsars could not have evolved from the extreme left and along constant field
lines on the B, — P, plane since that would imply a larger number d pulsars with
periods P < 0.5 s to be observed at the lower than at the larger fields (Srinivasan
1991), in contradiction with the observed distribution of pulsars (cf. Fig. 2.1). The
predicted downward motion (Fig. 2.6a) during theinitial '(restricted" field decay phase
could explain the evolution d these low-field pulsars from their initial small periods.
In contrast to the majority o the solitary pulsars which have started their jouney
on the B, — F; plane from the extreme left (P,50.1s) of their present positions the
low-field pulsars have started with similar short periods but at larger field values than
their present fields. Also, the fact that members o this subset o pulsar population
are found to have high altitudes above the galactic plane (Srinivasan 1991) would be
still explained in terms o their old ages. This would also imply a magnetic-field-
spatial-velocity correlation which favors the intermediate-age (t,a ~ 5 x 107 yr, for
an assumed half oscillation timescale of ~ 10® yr about the Galactic plane) low-field
pulsars, being at larger heights above the plane, to have lower velocities due to the
gravitational deceleration acting on them during their journey from their birth places

in the Galactic plane.

231 Population Synthesis

Statistical studies of the single pulsar population suggest values o the field decay
time scale ranging from <107 yr up to > 10® yr (eg. Narayan & Ostriker 1990;
Bhattacharya et a. 1992). In al these studies the pulsar surface magnetic field has
been however assumed to decay "freey" with an exponential or a power-law time-
dependence. Although a similar exercise has to be repeated in order to see how the
resultsd such studies would be modifiedfor the case of the SIF model o field decay, the

following argument seems to be supported by the implications o the earlier studies.
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Monte Carlo simulations o the observed properties of pulsars which have preferred
values of Tonmz 108 yr are however expected to imply a lower value d ropm ~ 107 yr if
asampled pulsars with initial long periods and low field strengths is further included
in the adopted population (Bhattacharya et al. 1992). Similar low values o the decay
time scale have been aso inferred from a different study in which a second generation
o pulsars (assumed to be born at large heights above the galactic plane and with low
initial magnetic fields) has been also considered in addition to the pulsars born in the
Glactic plane (Narayan & Ostriker 1990).

The restricted field decay predicted in the SIF model for an assumed value of
Tonm ~ 107 yr would on the other hand have the effect of increasing in the population
d long-lived low-field single pulsars, as discussed earlier. Simulation of a single disk
population d pulsars with an assumed value d Topm ~ 107 yr might be therefore
expected to be consistent with the statistical properties of the observed pulsars if

magnetic fields are assumed to evolve according to the SIF model.



2.4 Recycled Pulsars

2.4.1 Description of the Computations

Next we consider modelsfor the orbital and spin evolution of a newborn neutron star in
a binary with an orbital period F,,, with a mainsequence Star o mass M, which loses
massin theform of a spherical uniformstellar wind at arate M,. In the picture d spin-
down-induced field expulsion the evolutions o the spin period and the magnetic field
d the neutron star in such a binary would be intimately coupled. While the spin-down
process would tend to reduce the field strength, the reduced field strength (together
with theincreased spin period) will in turn affect the rate and the direction d the spin
variations. We follow this coupled evolution of the surface magnetic field and the spin
period of the neutron star for a time equal to the expected mainsequence lifetime of the
companion star. The computations are, however, stopped if a Roche-lobe overflow is

indicated at some stage during this period.

In accord with the discussionsin chapter 1, we assume that thefirst phase of the
evolution, namely the pulsar phase with a dipole spin-down (during which the neutron
star spins down dueonly to thedipolar radiation torqueonit), laststill the ram pressure
of the stellar wind overcomesthe pressure o the "pulsar wind" at the accretion radius
(see, e.g., lllarionov & Sunyaev 1975; Davies & Pringle 1981). During this period
the stellar wind will have no dynamical effect on the neutron star. The pulsar's core
magnetic field will undergo an expulsion determined by the dipole spin-down rate.
In the subsequent phases where the accreted wind matter interacts directly with the
magnetosphere we assume that a steady Keplerian disk is formed by the accretion
flow outside the magnetosphere, with the same sense of rotation as that o the neutron
star. Thisistheleast efficient configuration for angular momentum extraction fromthe
neutron star. More efficient geometries such as a spherically symmetric radial infall
may well occur for the low mass accretion rates appropriate to these objects (Hunt
1971; lllarionov & Sunyaev 1975; Wang 1981). Therefore we aso explore a few cases

corresponding to a radial infall on the neutron star for comparison.



We note, however, that the sign, magnitude, and time-dependence o the accretion
torque produced by capture d plasma from a stellar wind is a complex problem that
has only partially been solved (Ghosh & Lamb 1991) and the outcome depends on the
detailed properties o theflow at the capture radius which determine the feasibility of
formation o an accretion disk (Ho & Arons 1987; Taam, Fu & Fryxell 1991). Also, a
second difficulty liesin thefact that even in the casewhereadisk isformed uncertainties
in the nature o interaction d the magnetosphere o the neutron star with the wind
plasma have led to widely different predictionsfor the accretion torque on the neutron
star (Holloway, Kundt & Wang 1978; Kundt 1990; Ghosh & Lamb 1991).

Confronted with the need o a simple and specific model for the spin evolution
d the neutron star, we have decided to adopt the following description drawn from
the models commonly encountered in the literature (see, e.g., Pringle & Rees 1972,
[llarionov & Sunyaev 1975). The accretion flow interacts with the magnetosphere at
the so-called Alfvén or the magnetosphere radius Rpmag (cf. Eq. 1.19; see also Eq. 1.21
and the related discussion):

B2 2/7
Rpng = 7.03 x1078 (MB) Rs (2.15)
where Bs denotes the surface field strength in units of 108 gauss and M, the rate
d capture of wind matter in solar masses per year (Davidson & Ostriker 1973). This
interaction spins the neutron star up or down depending on the sign of the quantity
Vait(= Veorot — Vkep) evaluated at the radius d the magnetosphere. Here, Voot iS the
speed d co-rotation with the neutron star at a given distance from it, and Vk.p is the
Keplerian speed at the same distance. The boundary is determined by the condition of
balance between the magnetic pressure and the ram pressure of the infalling flow. In
the limiting case when the co-rotation velocity V..... becomesequal to the Keplerian
velocity Vk.p the neutron star will conserve its spin period while accretion onto the star
will continue. The rate d transfer o angular momentum between the stellar wind and
the neutron star L, is assumed to be equal to M,.. times a specific angular momentum
corresponding to the difference between the co-rotation velocity with the neutron star

and the Keplerian velocity around it at the radius of its magnetosphere boundary (d.
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Eqg. 1.30). In general then
Ls = { X Vdif X Rmag X Macc (216)

will be used, where ¢ is the efficiency factor included to take into account the uncertain-
ties due to the detailed geometry o the interaction and the actual value o the specific
angular momentum carried by the accreted wind just before and after the interaction.
Different rates d angular momentum transfer are thus tested by assuming different
values for ¢ while ¢ = 1 corresponds to the case o disk-accretion with a mechanical
torque acting at Rmag (cf. § 1.4.3).

The amount of spin angular momentum added to, or extracted from, the neutron
star (and lossin mass and angular momentum d the system) is calculated by assuming
that:

a) in the "propeller” phase all o the accreted matter is expelled by the magneto-
sphere and leaves the system at the Alfvén radius with no further interaction,
carrying atotal orbital angular momentum corresponding to its co-rotation with

the neutron star, asis the case for a "weak" wind (Holloway et al. 1978); and

b) in the accretion phase all o the accreted matter enters the magnetosphere
carrying with it only the excess spin angular momentum due to the difference
between the Keplerian and co-rotation angular velocities.

The fraction of the stellar wind which does not enter the accretion flow towards
the neutron star is assumed to escape from the binary system with a specific angular
momentum equal to that o the secondary star. The coefficientse and g in eq. 2.15 for
the orbital evolution are computed based on these assumptions as discussed in § 1.5
(cf. Egs 141, 1.42, and 1.43). The accretion rate M,.. is affected by the variation
d a (the orbital separation). The instantaneous values of M,.. and B, determine the
magnetospheric or the Alfvén radius Rmag. The residual magneticfield B; (cf. Eq. 2.10
and Fig. 1.2) which corresponds to the amount of magnetic flux still trapped in the
stellar core is assumed to decrease in proportion to an increase in the spin period P,

i nstant aneousl y (Eq. 2.8). The surface field B, then approaches B; exponentially with



a constant decay time scale Ton,. At the start o the evolution B, and B, are set to
be equal.

The coupled differential equations for timeevolution of M., a, P, B, and B, which
are listed below are integrated numerically using a fourth-order Runge-Kutta scheme,

for various sets of parameters.

da' % { Llosscs

_M, [1 +(a- 1)% _L M aﬂM“}} (2.17)

dt Lo llosses M, M, 2 M M
Mace oo, accretion phase
dM,  _ { P (2.18)
dt 00  iiiiiiinns propeller phase
dp, _ 3y [ Mace (Rmag) (&)2 Vi )s 1 (219
dt 318 <1074 ( M@/}’f) km / \sec/ \km/sec d 19
—(P,x B)/P,  ......... if P, > 0.
dB. _ (P, x B.)/ if P, > 0.0 (2.20)
dt 00 otherwise
dB, = _(B:~ B, (2.21)
di Tohm(yT)

where Lo, is theorbital angular momentum, L. iStherate of changein L., except
for that due to escaping matter from the system, M is the total mass o the binary, a
is the ratio of the mass loss rate from the system to that from the secondary, and 8
is the ratio of the effective specific angular momentum o the escaping matter to that
o the secondary star. Note that during the active pulsar phase P, will be given by

Eq. 1.26 instead df Eqg. 2.19 which is applicable for the last two evolutionary phases.

2.4.2 Low-mass Progenitors

In the study of X-ray binaries, accretion from the stellar wind of the companion is
usually invoked only in the case of High Mass X-ray Binaries (HMXBs) (van den
Heuvel 1981; Henrichs1983). This is so because in the case of low-mass binaries wind
accretion will not be able to produce a perceptible X-ray emission. This feeble stellar

wind in low-mass binaries is nevertheless the key factor responsible for the spinning-



down of the neutron star. The long mainsequence lifetime of the low-mass donor alows
for the long (up to a few times 10° yr) spin-down (dipole and propeller) phases. In
view o the lack d observational data, as wel as theoretical predictions o mass loss
rates of dwarf mainsequence stars (see, e.g., Dupree 1986; de Jager, Nieuwenhuijzen
& van der Hucht 1988; Chiosi, Bertelli & Bressan 1992), we use values both larger
and smaller than the observed mass loss rate d the sun, namely 2 X 107 Mg/yr
(Cassinelli 1979). In the case d "wide" low-mass binaries in which we are primarily
interested here, the orbital separation a o the binary remains almost constant during
the wind phase since the angular momentum losses due to the gravitational radiation
and magnetic braking are very inefficient. However, we do take into account the effects
d angular momentum loss, as well as the loss and exchange of matter in computing
the orbital evolution during this phase. As is borne out by our calculations, the flux
expulsion occurs entirely during the detached phase of the binaries. 1n wide low-mass
binaries (with orbital periods more than a day) the duration of the detached phase is
nearly equal to the mainsequence lifetime d the donor. We confine ourselves to only
such systems so as to avoid computing the duration of the detached phase resulting

from the highly uncertain degree o magnetic braking in binaries with shorter periods.

Wefollow theevolution o thesystem over a period of 101° years which isof thesame
order as the mainsequence lifetimes of solar type stars (Schallar et a. 1992). Fig. 2.7a
displays the typical evolutionary behavior observed for the spin period and the residual
and surface magnetic fields d the neutron star in our models. The values d the spin
period following its maximum are somewhat less reliable for the reasons mentioned
above. The spin-up phase considered here is only due to the accretion from the stellar
wind of the companion and will be succeeded by a much more enhanced accretion
phase when Roche-lobe overflow ensues during the post-mainsequence evolution of the
donor. The spin evolutions d neutron stars in binaries with different orbital periods
are compared in Fig. 2.7b. The time elapsed before the transition of the binary into
the "propeller" phase ranger between 108 to 3 X 10° yr (larger P.., and/or lower M,
result in larger values for the elapsed time) in different models (Fig. 2.7b). During this
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Figure 2.7- (a) Evolution o the spin period P,, and the magnetic field strength in the
core B. and at the surface B, of a neutron star in a low-mass binary, according to the
spin-down-induced fl ux expulsion scenario. M, is the companion mass in solar masses,
M, is the wind rate o the companion star in Mgy /yr, Tonm IS the Ohmic decay time
scalein thecrust in yr, and £ is an efficiency factor that determines the degree of angular
momentum transfer in the magnetosphere—wind interaction. The initial orbital period of
the binary has been assumed to be 3 d. (b) Spin evolution o neutron stars in binaries
with different initial orbital periods (1, 10, 100 and 300 days), and that of a solitary
pulsar. Initial values of B, = 0.4 sec, and B, = B, = 10'? G have been used. M,, M,,
Tonm @nd ¢ are the same asin (a). [from Jahan Miri & Bhattacharya 1994
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period the neutron star is assumed to spin down at a small rate due only to a dipole
radiation torque similar to an isolated pulsar (Eq. 1.26). The case of a 10 yr pure
dipole phase (same as that o a solitary pulsar) has also been included. This happens
in very wide binaries where the pressure of the accreted matter can never overcome
the radiation pressure o the pulsar (which givesrise to theflat portion seen in some of
the curvesin Fig. 2.8 below). The propeller phase on the other hand lasts for ~ 107
3 x 10® yr depending on the value of the efficiency factor £.

The longest spin periods obtained are of the order of a few times 10* s which result
in final field strengths of ~ 108 G, while spin periods of ~ 1000 s result in a value
of ~ 10° G for the final strength o the surface field. These long spin periods seem
reasonable in view of the long periods observed in some X-ray pulsars (the largest
known value being ~ 835 sec; see, e.g., Nagase 1989). Fig. 2.8 shows the final surface
field strengths B, obtained for models with orbital periods between 1 to 400 days, for
the given values of the parameters. These have been selected from a larger sample of

computed models which cover the following range o parameters and initial conditions:

¢ 0.02, 0.1, 0.2, 0.6, 1, 10,100

M,: 08, 1.0 ( Mo)
log Tonm: 7.0, 8.0, 9.0 (yr)

log My: —16, —15, =14, =13 ( M, /yr)
initial P,: 0.1, 0.4, 1.0 (sec)

Vi: 400, 600, 800 (km/sec)

initial B,: 10'2, 3 X 102, 10 (Q)

In Fig. 2.8 we restrict ourselves to values of ¢<1; the results for the much larger
values of ¢z 10 will be presented separately below. Theinitial spin period o a neutron
star isan important factor for deciding its magneticfield evolution according to the SIF
model. Very short spin periods ~ 103 s have been assumed by some authors (Ding,
Cheng & Chau 1993) in a study o similar nature as the present work (see chapter 3).
However, it is not at all clear that neutron stars are indeed born with such short

periods. For the Crab pulsar the estimated initial period is ~ 20 ms (Trimble & Rees
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Figure 2.8- Final values of the surface magnetic field strengths B; of neutron stars
evolved in binaries with various orbital periods P,,, and mass loss rates M. Encircled dots
represent observed binary radio pulsars that are descendants of wide low-mass binaries,
for which the initial orbital periods can be estimated. See the caption of Fig. 2.7a for
explanation of the legends. (a) The assumed values o parameters and initial spin periods
and magnetic fields o the neutron stars are the same as for Fig. 2.7b. (b) Same as (a),
but forinitial P, =1.0s,and B. = B, = 3 X 102 G. (c) Sameas (a), but for a different
efficiency factor: ¢ = 1.0. [from Jahan Miri & Bhattacharya 1994]



1970). Absence of alarge number o bright center-filled supernova remnants indicate
that most pulsars are born with spin periods much exceeding ~ 20 ms (Srinivasan,
Bhattacharya & Dwarakanath 1984). Statistical studies o pulsar population have also
found evidencefor the majority d pulsars being born with periods exceeding ~ 100 ms
(Vivekanand & Narayan 1981; Chevalier & Emmering 1986; Narayan 1987; Emmering
& Chevalier 1989; Narayan & Ostriker 1990).

The two sets o initial values used for the spin periods and magnetic field strengths
in the models presented in Figs 2.8a & b correspond approximately to the extreme
values observed in young radio pulsars. We assume that the initial values o spin
period and field strength of a neutron star born in a binary are independent of its
orbital period, since no mechanism is known so far which would result in a correlation

between these quantities.

Variations in the efficiency factor ¢ affect the final resultsin the same way as the
variationsin the masslossrate, and the best correspondence with observations appears
t o result from a¢M, ~ 10~ Mg /yr. Thevariationsin final results due to the changes
in ¢ (s 1,; the effects due to the much larger values are discussed |later on) are however
not very large; compare Figs 2.8a & c. Therefore, in spite of the fairly crude physical
model which has been used, and theexisting uncertaintiesin the nature of the captured
flow and the details of the magnetospheric interaction with the accreted plasma, the
results presented here can be safely used as a good indicator of what is expected from

the spin-down-induced magnetic field decay mechanism.

The final magnetic fields that result from the models presented in Fig. 2.8 are in
broad agreement with the observed fieldsin the millisecond and other recycled pulsars.
The circles in Fig. 2.8 represent eight observed low-mass binary radio pulsars which
arelisted in Table 2.1 along with some of their properties. These are believed to be the
only known descendants o disk-population "wide" LMXBs for which theinitial orbital
periods can be estimated with reasonable cpnfidence. In these binaries the total mass

is assumed to be almost conserved throughout the evolution and the initial and final



values of the orbital period P, are related as

Porb—O _ (Ml—oo M2—00>3
Mi_o Mz,

where —0 and —co subscripts denote theinitial and final values of the respected quan-

2.22
Porb—oo ( )

tity. While the orbital period of such an X-ray binary increases during its final evolu-
tionary phase o Roche-lobe overflow it remains almost constant throughout its earlier
stellar-wind mass-transfer phase. Therefore the mainsequence lifetime o the donor is

spent within a detached binary.

Table 2.1- The observed low-mass binary pulsars

PSR P, Pm M, logB, initial P2,
(msec) (day) (Mo)  (G) (day)

0820402 864 1232 0.2-0.4 11.48 300
1953+29  6.13 117 0.2-0.4 8.63 12
1855+09 536 123 0.2-0.4 8.48 1
JIT13+0747 457 67.83 0.3-0.5 8.28 6
J2019+2425 3.93  76.51 0.3-0.5 8.26 7
J1643-1224 4.6 147  0.14 8.6 24
J1455-3330 80 76 0.3 8.3 10
B1800—27 3344 4068  0.15 10.9 60

References:  Bhattacharyaand van den Heuvel 1991
Foster, Wolszczan and Camilo 1993
Nice, Taylor and Fruchter 1993
Johnston et d. 1995; Lorimer €t al. 1995a
*As estimated from evolutionary models, using Eq. 2.22

As can be seen from Table 2.1 and Fig. 2.8, the surface magneticfield of PSR 0820t
02 (3 x 10 G) is much larger than what is obtained in any of our calculated models,
even though the evolution o the model-binaries with orbital periods of > 300 days is

entirely governed by the spin-down due to a dipole torque. Since a value of Tonm =



10° yr is favored by our resultsfor choices d ¢<1, the large field strength of PSR
08201 02 could be explained (in the case o small values o ¢) if the age o the neutron
star is not more than ~ 4 x 10° yr, which may happen if either the donor star had
a mass somewhat higher than 1 M, or the neutron star was born in an accretion-
induced collapse (AIC) d a white dwarf. Note, however, that our results for the
assumed values o ¢> 10, which are discussed later on in this section, the predictions
are in good agreement with the observed field of PSR 0820 t 02, as well as with the
other sources (cf. Fig. 2.9 below). Nevertheless, Fig. 2.8 shows that the adopted model
Is successful in reproducing the observed magnetic fields d most of the pulsars which
are believed to have been recycled in wide low-mass binaries, as well as the apparent
relation between the final field strength and the initial orbital period, a possibility

which has not been shown to exist in any other scenario.

Such a relation between the final field strengths and theinitial orbital periods has
not been shown explicitly to exist for any other field decay model. The model of
field decay by mass accretion which claims to be successful in reproducing the general
distribution of the recycled pulsars in the B,—P, diagram (Romani 1990), seems to
have difficulty in at least one example: the neutron star in 4U1626 — 67 has a strong
magneticfield d ~ 102 G, although it is expected to have accreted a large amount of
mass and hence should have a wegk field on that account (Verbunt, Wijers & Burm
1990). However, in the picture presented here the high magnetic field o this neutron
star at present seems to be a natural consequence o its evolutionary history. As
described by Verbunt et al. (1990), there could have been two evolutionary paths
leading to this system. One in which the neutron star is formed via AIC d a white
dwarf accreting from a ~ 0.02 M, degenerate donor; in which case obviously the phase
d stellar wind interaction is absent and thus the amount o field expulsion islow. In the
second case where the AIC happens due to accretion froma > 0.1 Mg mainsequence
star, our computations show that the neutron star would retain a high magnetic field
unless the wind from the donor exceeds a rate o 10~ Mg /yr, which is unlikely for

a star with such a low-mass. In addition, it is important to note that the various



mechanisms discussed in the context of accretion-induced field decay in neutron stars
[amely: i)-reduction in the conductivity dueto heating d the crust, ii)-compression of
the current carrying layers, and iii)-inverse thermoelectric battery effect] can destroy
or modify the magnetic fl ux confined to only the crust. All these effects are however
unlikely to have any significant influence on the field that resides in the core of the
star. The accreted plasma might be able to temporarily screen the interior field and
reduce the strength o the surfacefield, but thefield would resurfaceif the flux resides

in the core (Bhattacharya & Srinivasan 1993).

Nevertheless the accretion-induced field decay could play a major role in the field
history of some neutron stars recycled in binary systems provided the spin-down-
induced field decay is also operative. This comesabout as thelatter mechanism brings
thefield up to the crust which could be then killed more quickly than expected for the
normal decay time scale Ton, O the crust during an efficient accretion phase in the
binary. Such a cooperative field decay due to the two processes was already invoked in
§ 2.1.1 in order to resolve the issue regarding the observed field strengths of the X-ray
pulsars versus that of the recycled radio pulsars. It will be further discussed in § 2.4.3
(referred to as a temporary reduction in the Ohmic decay time scale o the crust; see
also Table 2.5) when the predictions of the SIF model for the post-recycling behavior

o pulsars descending from massive binaries are explained.

Effects of the Crudt:

1) Decay time scale

Final field strengths as low as ~ 10® G are obtained only if the Ohmic time scale Tonm
lies in the range 1083- 10° yr. If 7onx iS lower than this then the spin-down stops
too soon and not enough flu is expelled. For Tonm> 10° yr on the other hand the
surface field does not have time to decay to ~ 108 G in a Hubble time. It should be
noted that values of 7on, ~ 10° yr are shorter than that has been computed for pure
matter at the bottomd the crust (Baym, Pethick & Pines 1969; Sang & Chanmugam

1987). However, it is by no means clear to what extent the crustal matter d a neutron



star is an ideal lattice. It has been shown that even a small amount o impurities
and didocations can drastically reduce the Ohmic time scale (Y akovlev & Urpin 1980;
Urpin & Van Riper 1993; Bhattacharya & Datta 1996). Furthermore, the expelled
field may eventually undergo a turbulent cascade which would also bring the effective
Ohmic time scale down (Goldreich & Reisenegger 1992).

As discussed earlier (§ 2.2.2), the evolution o pulsars recycled in binary systems
with lifetimes much larger than ron, (Namely LMBPs) are determined only by their
maximum spin period Pn., vValues (see Eq. 210 and Fig. 1.2). Hence, it might seem
unnecessary to inspect the properties d pulsars recycled in low-mass systems in order
toinfer any constraint on the value o 7opm, provided that avalue of ropm > fewx 10° yr
IS not considered to be relevant at all. However, even in the case d these binaries it
turns out that the predicted behavior of the recycled pulsars do depend on the assumed
value of Tonm through its effect on the value of Pnae. A value of 108< Tonm< 10° yr is
suggested by the results & model computations for the low-mass systems, provided
és1 (Fig. 2.8).

Nevertheless, values aslow as Tonm ~ 107 yr could produce acceptable resultsfor the
simulationsd LMBPs provided a more efficient spin-down mechanism with associated
valuesof €2 10is considered. Theresultsfor smaller valuesd 1o, areshownin Fig. 2.9
where larger values o ¢ have been used than in Fig. 2.8. It isimportant to note that
in addition to the dependence d the final field values on the assumed values of the
mass-loss rate of the companion (indicated by the different curvesin Figs 28 & 2.9),
the initial values of the pulsar spin period and field strength as well as the velocity of
the stellar wind also have a significant effect on the predicted final field valuesin both
Figs 2.8 & 2.9. One should also bear in mind that these quantities need not have the
same value for all pulsars and all binaries !. Also notice that as indicated above for
values o Tonm ~ 107 yr larger values have to be assumed for the efficiency factor ¢ than
in the case  Tonm2 10® yr (compare Fig. 2.8 with Fig. 2.9). Large valuesd ¢ >> 1
might bein fact expected to be the case because the rate o angular momentum transfer

during a "propeller" phase corresponding to an assumed value o ¢ = 1isindeed the
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least efficient one among the models discussed in the literature (Wang 1981) as noted
earlier (cf. § 1.4). Fig. 2.9 shows that the observed distribution d fieldsin old recycled
pulsars with low-mass companions may be accounted for by SIF for assumed values
o Tonm << 10° yr provided ¢ >> 1. In fact the agreement between the predictions
and the observational data seemsto be even better for the smaller values o Topm asin
Fig. 2.9 than for the cases with larger valuesd 7on, asin Fig. 2.8. We are inclined to

infer a value of Topm ~ 107 yr from these results.

Short time scales <107 yr for field decay d pulsars have been indeed suggested
by different observational investigations (Gunn & Ostriker 1970; Lyne, Manchester &
Taylor 1985; Narayan & Ostriker 1990). Also theoretical studies of the field decay in
the crust of neutron stars, being subject to uncertainties regarding the correct value o
the electrical conductivity d the crustal matter as well as the effects of the unknown
geometry and boundary conditions o the field distribution have resulted in a large
range of values for the decay time scale, which nevertheless extends to values as low
as few Myr (Flowers & Ruderman 1977; Muslimov & Tsygan 1985; Jones 1987; Jones
1988; Wendell 1988; Sang & Chanmugam 1990; Bhattacharya & Datta 1996).

ii) Boundary effects

The assumption d instantaneous expulsion o the magnetic flux out of the supercon-
ducting core of a neutron star in response to an increase in the spin period o the star
is, o course, viable only when flux can move freely across the core-crust interface. It
has however been pointed out by Jones (1987) that once the flux density in the solid
reaches a value o > H., the lower critical field d the proton superconductor, further
transport of flux across the boundary is hindered, and a layer of high fluxoid density
builds up just below the border. From then on flux is released into the solid in the
same time scale in which flux transport occurs in the solid crust - by Ohmic diffusion,

Hall transport or plastic flow.

Estimates of the mechanical strength of the crust suggest that plastic flow might

become the major means of fl ux transport wel before the field in the solid builds up



to H,; (Ruderman 1991b). The critical strain at the bottom o the crust, estimated to
be $107* (Ruderman 1991a, Baym & Pines 1971, Smoluchowski 1970), implies that
the maximum magnetic stress that can be sustained in this region is several orders o
magnitude less than H2 /87 (Jones 1987). As long as the time scale for spin-down
is longer than that for plastic flow, flux will thus move more or less freely across the
core-crust interface. If the plastic flow time scale is < 10° yr, as estimated by Jones
(1987), nearly all o our models will operate in this regime and hence the assumed
instantaneous response could be justified.

Nevertheless, since uncertainties in the above numbers are large, we have a'so ex-
amined afew modelsin which theflux flow across the interface is determined by Ohmic
diffusiond flux in the solid, and the time scale o flux transfer from superfluid to the
solid is set equal to the assumed Ohmic timescale right from the beginning o evolution
(this overestimates the effect of the hindrance to flux expulsion) in order to gauge the

impact o this on our results. The evolution o core field B, is calculated in this case

from
) . B
By = —P—= 2.23
= (223)
B. = Bc — Bra (2.24)
TOhm

where B, and B.., are the field strength in the interior of the core and its rate of
change, in contrast to the total core field B,, We refer to this as the "DELAYED -
modd': Thefield evolution o single pulsars according to predictions o the"DELAYED
- model™ for various assumed values o Tonm areshownin Fig. 2.10 , where theresults of
the original model (referred to, in the present discussion, as the "INSTANT - model";
cf. Eq. 2.18) are also presented for comparison. The predicted field evolution d solitary
pulsars and its dependence on the value o crustal decay time scale Tonm 1S Seen to be
similar according to both the models used in Fig. 2.10. We thus conclude that possible
accumulation of expelled flux at the core-crust boundary does not have any significant
effect on the predictions o SIF for solitary pulsars. Note however the interesting
featurein Fig. 2.10 that longer values of Topm tend to produce smaller surfacefieldsin

old solitary stars. The feature being the same in both the original SIF model (ie. (the
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"INSTANT" model in Fig. 2.10) and the "DELAYED" model explored here.

For evolution d neutron starsin binary systems, the delayed release o the expelled
flux causes the surface fidd to remain stronger for a greater length of time, and hence
the neutron star can attain alonger spin period. This resultsin the eventual expulsion
of somewhat larger amount o flux from the interior. Given enough time, the final
surface field strengths thus fall below those obtained in our earlier models. The effect
is expected to be most pronounced in binaries with longer periods. The predicted final
surface fields according to the "DELAYED™ model for neutron stars evolved in low-
mass binaries are shown in Fig. 211 against theinitial orbital periods, which show a
good agreement with the observational data indicated by the circles (cf. Table.2.1).
Comparison between Fig. 2.11 and Fig. 28 indicate that while for the longer period
systems ( P, ~ 100 day) the neutron star is spun up to longer periods and hence the
final surfacefields are lower in the "DELAYED" case (for the same valuesd parame-
ters), but models with shorter periods are hardly affected. Therefore, to reproduce the
observed trend o surfacemagnetic field versusorbital period one needs in this scenario
smaller Ohmictimescaesin the crust. Our calculations show that with Topm ~ 108 yr
one can obtain a correspondence with observations of nearly the same degree as in
Fig. 2.8.

It might aso happen that the building up o fluxoid layer just below the crust
reacts on the motion d fluxoids from the interior; perhaps reducing the effectiveness
of pinning interaction between neutron vortices and proton fluxoids. However, no
guantitative estimate of thisis available at this point in the literature to enable us to
incorporate it into our models. If this effect is severeit might not be possible in this
scenario to achieve a reduction in the surface magnetic field to values comparable to

those o the millisecond pulsars.

Spin Periods in LM XBs:

A further observational constraint on the coupled spin-magnetic evolution d neutron
stars in low-mass systems is provided by the observed spin periods in LMXBs. In
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Fig. 2.12 the predicted distribution o P, vs P,4, in these systems based on SIF, and
also the exponential decay model, are shown separately. The valuesd P, (spin periods
at the beginning d the X-ray phase in LMXBS) as predicted in the exponential model
are seen to be very small (< 10 s) for valuesd the Ohmic decay timescale Tonm< 102 yr.
Larger valuesd P,> 100 s could be reproduced in theexponential scenario only with an
assumed large value d Top,> 1085 yr. Although there is not much observational data
available on the spin periods in LMXBs, a value as large as 114 s has been already
observed for G X 1+4 (Nagase 1989). Such an observed value for the present spin
period in an LMXB source implies that the upper limit for the actual values o P is
much larger than ~ 100 s; values which are difficultto accommodate in the exponential
model with any reasonable value d 7onn,. The SIF model does, however, predict such
large values o P, for various choices o the value d the decay timescale in the range

107< Tonm(yr)< 108, as shown in Fig. 2.12.

2.4.3 Globular Cluster Pulsars:

The distribution of the observed radio pulsars in the B, — B, plane (Fig. 2.1) shows
that no observed disk-population pulsar liesin theregion with 10°< B,< 10*° G. As will
be discussed later in § 2.4.3 there is no consensus whether this is a genuine forbidden
"gap" for the recycled pulsars or is due to some observational selection effects. This
suspected “gap” in the B, — P, plane which does not accommodate any disk-population
observed pulsar is not however devoid o pulsars recycled in globular clusters as is seen
in Fig. 2.13. The difference can be traced, in the context of the SIF scenario, to
the different formation mechanisms which are generally assumed for the progenitor
low-mass binaries in the two environments. While for the disk-population systems the
neutron star isbelieved to be born in the binary itself, in the case o globular clustersthe
binary formation is explained mainly as a result of exchange and/or capture processes.
At the timed capture and formation of a binary the neutron star is therefore expected
to be an old dead pulsar (with an age > few x 10° yr) and have a surface field strength

~ 2 orders of magnitudes smaller than at birth (cf. Fig. 2.6a). The spin and magnetic
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orbital periods as predicted in the spin-down-induced flux expulsion scenario scenario
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as indicated (in units of yr). Each curve corresponds to a value of mass-loss rate M, (in
units of Mg/ yr) for the companion star.
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evolution o such a neutron star in a binary with a low-mass star will be however
differentfrom that of a young pulsar with a much stronger field. Thisis because alower
field strength implies a smaller-size magnetosphere during the spin-down interaction
phase and hence the conditionsfor a spin-up phase would be reached at a smaller value

of Pnax corresponding to alarger valued B;.

Fig. 2.14a shows the computed values d B; versus P, for the two extreme sets o
theinitial conditions expected for the neutron stars processed in low-mass binaries in
globular clusters. Initial values (at the onset of binary evolution) o the magnetic fields
and spin periods appropriate for the old neutron stars at the timed binary formation
in globular clusters are assumed to be 10'%5< B; (G) <10 and 1< P, (s) <5 based on
theresults o thesingle pulsar evolutionin Fig. 2.6a. For comparison, theresultsfor the
assumed initial valuesdf B; = 10'?% G and P, = 0.1 s are also shown as a typical case of
the disk-population systems. Thefinal field strengths for the globular cluster systems
are predicted to have valuesin the range 10°< B; (G) < 2X 10 asindicated by the two
curvesin Fig. 2.14a corresponding to thelimiting values o the assumed range o initial
conditions. The observed values o surface fields d the recycled pulsars in globular
clusters which fall in the range 10%%< B, (G) <10'5 would thus represent their final
residual field strengths corresponding to the values of Pn.. Which they had attained

earlier, and no further decay during their subsequent evolution would be expected.

As already discussed in § 24.2 vaues d £ 10 are needed in order to get good
fit with the data on recycled pulsars with low-mass companions (LMBPs) if values of
Torm < 108 yr are used in our simulations. We have used values d 7onm = 107 yr and
¢ =100 in Fig. 2.14a in accord with the our results far solitary pulsars (see § 2.3) and
recycled in massive binary systems (to be discussed in § 2.4.4) which was also justified
for the case d recycling in low-mass binary systems (see Fig. 2.9). Nevertheless, as is
shown in Fig. 2.14b the larger final field strengths predicted for the initial conditions
appropriate to globular clusters holds valid for either combination d values Tonm and

¢ suggested in § 2.3, namely Tonm > 108yr and €< 1 0r Tonm ~ 107yr and € > 10.

Followingour earlier commentsin this chapter about the model o accretion-induced
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dashed line coincides with the full line at all orbital periods.
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field decay in neutron stars, we note that the observed distinction betweenfield strengths
of recycled pulsars in globular clusters and those d the disk population providesfur-
ther evidence against this model. As discussed above the expected difference between
the spin histories d neutron stars in the two types o environments can successfully
account for the differencein thefinal field values according to the SIF model. However
there is no reason to expect that the final Roche-lobe accretion phase and hence the

predicted fields according to the accretion-induced model should be different.

2.4.4 Massive Progenitors

In this section we discuss the predictions of the SIF model d field decay in neutron
stars for those processed in binary systems with massive companion stars, in contrast
tothel Mgcompanion which wasinvestigated in § 2.4.2. The coupled spin-magnetic
evolution o neutron stars in binary systems with different assumed intermediated-
(IM) and high-mass (HM) companion stars was followed throughout the mainsequence
lifetime o the companion star. The values d parameters adopted for the companion

stars in our models are listed in Table 2.2.

Table 2.2- Values of parameters for the assumed companion stars

companion mass lifetime mass-loss rate wind velocity
star ( Mo) (yr) ( Meyr™) (km s71)
M 4 2 x 108 101 —10-° 500
HM 9 3 x 107 1071° — 108 600
HM 15 1.2 x 107 10710 - 10-® 700
Be-type 9 3 x 107 10710 — 108 200

The predicted evolution for the spin period, and core and surface fields are shown
in Fig. 2.15 which show a characteristic behavior similar to that in the case d low-mass
systems in Fig. 2.7a. As there are not many readily identifyable recycled pulsars and

further since the true ages d those known are uncertain we are not able to compare
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the predicted field evolution with observational data as we did for the case d low-mass
systems in Fig. 2.8 and Fig. 2.9. In contrast, identification o the pulsars recycled in
the low-mass systems is generally agreed upon, and their present characteristic ages
set a minimum limit on the age d the system. Instead we will use the predicted spin
evolution (which is according to SIF coupled and influenced by the field evolution) in
comparison with the corresponding observed systems to gain some confidence on the
results of our simulations. Based on the derived values for the maximum spin periods
achieved in these binary systems the expected field evolution of recycled pulsars are

then discussed and contrasted with the existing observational constraints.

The predicted final spin periods are plotted against orbital periodsin Figs 2.16a &
b for systems corresponding to the "standard" and "Be-type" massive X-ray binaries
(HMXBS), respectively. Thesharp drop and thefollowingflat portion in the predicted
periods at large orbital periods is due to the fact that the propeller phase is never
realized in the binary. The pressure d the pulsar wind overcomes the gas pressure
and the pulsar spins down due only to its radiation reaction torque. The observed
spin and orbital periods in HMXBs (Waters & van Kerkwijk 1989) are also indicated
in each case which show a distribution consistent with the computed curves for the
case of Tonm = 107 yr. In addition to the uncertainties due to the exact values of the
mass-loss rates the following points has to be also noted while inspecting the results
in Fig. 2.16. The observed "standard" HMXBs are believed (see eg. Bhattacharya &
van den Heuvel 1991) to represent evolutionary stages |later than the epoch represented
by the computed curves which correspond to the end of the companion mainsequence
phase. Therefore, in an observed standard-type HMXB the larger mass loss rate ex-
pected for the companion star during its supergiant phase would have already resulted
(particularly for the disk-fed systems indicated by plusesin Fig. 2.16a) in a decrease
in the spin period as compared to its corresponding calculated P value shown in
Fig. 2.16a. In contrast, the observed Be-type HMXBs are associated with evolutionary
stages earlier than the epoch represented by the computed curvesin Fig. 2.16. Further

decrease in the observed spin period for a Be-type source might therefore occur due to
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Figure 2.16(a)- Final spin periods of neutron stars processed in binary systems with a
5 Mg main-sequence star at theend o itslifetimeare plotted against the orbital periods.
The two plots are for the two different values of decay time scale, 7onm, iN the crust as
indicated. Each curve corresponds to a different value of mass-loss rate M2 (in units of
Mg/ yr) for the companion star. The observed wind-fed and disk-fed " standard” HMXBs
(Waters & van Kerkwijk 1989) are denoted by squaresand pluses, respectively.
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a decrease in thefield strength before the end of the companion mainsequence lifetime
(cf. Fig. 2.16b).

The results d these model computations aso indicate that neutron stars evolved
in massive close binary systems are generally spun down to large spin periods with
values o fggfx ~ 10* — 10%, for agiven valued P, ~ 0.1s. Thisimplies, as required in
the SIF mechanism, an eventual reduction in the magneticfieldsd pulsars recycled in
close binaries by 4 — 5 orders of magnitudes, after a long enough time for the crustal
field to decay. Even larger values o P., are aso predicted for some d the binary
systems considered which would result in smaller values of B; ~ 106 G. The generally
accepted minimum valued By ~ 108 G for the residual fields which might be true for
pulsars recycled in binaries with low-mass companions, and in good agreement with
predictions of the SIF scenario for these systems (cf. § 2.4.2), seems therefore to be
a selection effect imposed by the pulsar "death™line (§ 2.4.2) on the observable spin
periods and magneticfields. We note that whileour results for the large values of Prmax
are based on an assumed “propeller” spin-down mechanism other processes responsible
for a spinning down o an accreting neutron star have also been proposed which are
expected to be effectivein cases where the "propeller” mechanismfailsor isargued not
to be very efficient (Mineshige, Rees & Fabian 1991; Illarionov & Kompaneets 1990).
Also, while avalue d ¢ = 1 has been used in Fig. 216 larger values o ¢ which were
necessary in the case o low-mass systems for assumed values of Topm ~ 107 yr do not
however have much effect on our results for the values of P.., (hence Bs) in the case

d binaries with massive companion stars.

Our following discussion o the predicted field evolution of pulsars recycled in mas-
sivesystems will be divided into two parts corresponding to systems with intermediate-
or high-mass companion stars for the neutron star. Recycled binary pulsars from these
systems will have massive C-O white dwarf or neutron star companions, respectively,
and will be referred to as IMBPs and HMBPs (if the binary survives after the birth o
the second born neutron star). The adopte(lj masses and lifetimesfor the intermediate-

and high-mass stars, based on the stellar evolution results o Schaller et al. (1992)



for solar metallicities, are given in Table 2.3. We note however that longer lifetimes
for massive stars which are predicted due to a different treatment of the convection
problem and the opacity in the stars (eg. Bressan et al. 1993) would imply a some-
what larger upper limit on the acceptable vaues of 7onn inferred from the following

considerations.

Table 2.3- Classification of the massive stars

star mass ( Mg) lifetime (yr)
IM 2517 7 x 108 — 5 x 107
HM 29 <3 x 107

Recycled Pulsars from Massive Binaries:
There are at present two observed binary pulsars with massive compact companions
(neutron stars) which have magneticfields > 105 G. One o them has a period smaller
and the other larger than the corresponding P.q values. These might well be the second
born neutron stars in the binary systems and thus part o the population o normal
pulsars. Similarly pulsars with B, and P, valuesconsistent with those of normal solitary
pulsars but with a white dwarf (WD) companion are not, in general, required to be
recycled. A late (case B or C, as it is called) mass-transfer to a white-dwarf from
its evolved (He or carbon core-burning, respectively) IM companion could result in
formation o a pulsar via accretion-induced collapse of the WD. Further evolution of
the companion to a WD might be however so rapid that the neutron star could not be
spun up to the required value of P.,. Binary evolution calculations have shown that
a neutron star may in fact be born in a binary even after the birth o its white dwarf
companion (Dewey & Cordes 1987; Pols et al. 1991).

However, recyclingin abinary with a very massiveand henceshort lifetime (¢.< Tonm)
companion could aso account for such high field pulsars with periods larger than P.q
which might be single or in double neutron star binaries. This possibility which is

indicated by track I in Fig. 2.17 had been already considered as the cause o a detected
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Figure 2.17- Schematic representation o the predicted recycling routes for evolution of
the magnetic fields and spin periods of neutron stars in binary systems with hi gh-mass
companion stars according to the spin-down-induced flux expulsion scenario.



increase (an "injection™) in the "current" d pulsars (Deshpande, Ramachandran, &
Srinivasan 1995). The "current” o pulsars on the B, — P, plane, due to the spin-
down d the star, from a bin o width AP, at given values of P, and B, is defined as
J(B,,P) = 317,_— > Ps;, where the sum extends over al pulsars in the Galaxy that fall
into thebin. The prominent '(injection” effect has been detected at thelargefield values
(Deshpande, Ramachandran, & Srinivasan 1995) as shown by track  in Fig. 2.17.

On the other hand, pulsars like PSR B1913+16, PSR B1534+12, and any other
binary or single pulsar with similar periods (P, ~ 0.06 s) and B,<10'%% G imply a
recycling history in a binary with a companion having a lifetime ¢, ~ (3 — 6) times
the value o the decay time scale d the crust ropm. The post-recycling evolution of
such pulsars would be in general first along vertical tracks (track 2 in Fig. 2.17) on
the B, — P, plane while the fidld decays on a time scale ~ 7on, down to its final
value (Eqg. 2.9) and is then followed by a horizontal path (track 2« in Fig. 2.17). A
value d P.q ~ 0.01 s corresponding to Bg ~ 10!° G is predicted (Eq. 2.8) to be the
lowest possible value achieved in binaries with HM-companions for an assumed value
o Tonm ~ (1—2) x 107 yr (preferred by the resultsin Fig. 2.16) and the adopted range
o lifetimesfor HM-stars: Larger values d tonm Would imply larger Bg values which

would not readily account for the observed systems.

However, lower values of By, and hence P.,, might also be entertained for these sys-
temsif one dlowsfor the possibility of a temporary reduction in the Ohmic decay time
scale of the crustal field. One way to achieve this is through a temporary compression
d alarge amount of magnetic flux into a narrow region at the bottom o the crust.
Such an enhanced field compression might be expected to occur in the context of the
SIF scenario only for the case d massive binaries in which the short spin-down time
scalescould result influx expulsion out o the coreat aratefaster than its assumed rate
d diffusion into the upper regions d the crust. Compression d the current-carrying
layers d the crust with the effect of a reduction in the length scale o the field distri-
bution has been considered to occur also gs a result of the matter accreted onto the

neutron star (Konar, Bhattacharya & Urpin 1995). The accretion-induced field decay



for the crustal fieldsof neutron stars is not however expected to have any significant
effect for the predictions & SIF in the case d long-lived low-mass systems. This is
because accretion o a substantial amount d matter in these systems occurs, namely
during the Roche-lobe overflow phase, only after the crustal fields have already decayed
down to very negligiblevalues. Short decay time scales (~ 5 x 10° yr) associated with
a compressed flux in the high-density region at the bottom o the crust have aso been
suggested based on the effect o a magnetic buoyancy force. A Hall drift is expected to
occur due to the buoyancy force with a radial component that would deposit the fl ux
into the outer regionsd the crust where it is subject to a more rapid Ohmic diffusion
(Jones 1988).

The above possibility o atemporary increasein therate o field decay in the crust
also might resolve the disagreement between field strengths among X-ray pulsars and
the recycled pulsars which are born from them (cf. § 2.1.1). The apparent inconsis-
tency between the inferred surface fields d neutron stars in HMXBs and those in the
double neutron star binaries might be alternatively resolved by assuming a low-field
population of HMXBsthat are not however expected to be observable as X-ray pulsars,
as mentioned earlier (cf. § 2.1.1). These two possibilities for the magnetic history of
a recycled pulsar similar to PSR B1913+16 namely a short-term enhanced filed de-
cay or a low-field HMXB progenitor are invoked in the different evolutionary routes

considered for the recycled pulsars in Tables 24 and 2.5.

Pulsars from Inter mediate-M ass Binaries:

Neutron stars recycledin binaries with intermediate-mass companion stars (IMBPs) are
predicted (cf. EQ. 2.8), for the assumed values o Tonm and lifetimes of the companion
star, to achieve valuesof P, corresponding to 10° < Bg < 10'°® G, namely in theregion
which is sometimes referred to as the "gap" in the B, — P, plane (eg. Kulkarni 1995).
The subsequent evolution d these pulsars would be decided (cf. Eqg. 2.9) by the value
d Pnax that they had attained earlier which in turn depends on the properties o their

progenitor binary systems. The results d our model computations for the case of a



4 Mg companion star show that binaries with smaller orbital periods (in the range
o interest for a case-B Roche-lobe overflow mass transfer which is believed to occur
in these systems) and/or larger stellar wind rates would give rise to smaller values for
Pmax-

Pulsars recycled in such binaries would consequently live with no further substan-
tial decay in their magnetic fields after recycling, given a low enough mass for the
companion star and hence a long enough timefor their initial fields to decay. This pos-
sibility is indicated by track  in Fig. 218. Such an evolutionary history with a value
of 30 ms g P.q s 190 ms might be assumed for PSR B0655+64. Larger values of Prax
which are predicted for the wider binaries would imply (given a value of ¢.< 108 yr) a
behavior for therecycled pulsar (track 2in Fig. 2.18) similar to that of the descendants
d binaries with high-mass companion stars indicated by track 2in Fig. 2.17. Thefinal
evolution d the pulsar might be as well along a horizontal path (track 2« in Fig. 2.18)
depending on the value o P, it had achieved. PSR J2145-0750 and also possibly
PSR J102241001 (Camilo et al. 1996) might be considered as examples o the latter
type d evolution in IMBPs. A valued 10 ms ¢ P., < 16 msand a subsequent down-
ward evolution on the B;— P, plane in both cases are consistent with their observed
properties as well as the model predictions. Also, the observed larger P, in thelatter
two pulsars (as well as the smaller companion mass in the case of PSR J2145-0750)
than for PSR B0655+64 are in agreement with the above criteriafor occurrence of the
two types o post-recycling evolution in IMBPs (to the extent that the initial orbital

periods and companion masses o their progenitor systems can be ascertained).

Furthermore, the predicted post-recycling evolution o IMBPs down vertical tracks
might also explain the fact that none d the observed (disk-population) pulsars lie in
the “gap” region on the B, — P, plane (see Fig. 2.1) although it is generally expected
that the region should be occupied by IMBPs. The problem has been recently further
highlighted since considerations based on thefrequency and survival probability of pro-
genitor binaries of IMBPs as compared to LMBPs has led to the conclusion that the
observed number o IMBPs is much less than the expected value (Kulkarni 1995). This
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Figure 2.18- Schematic representation of the predicted recycling routes for evolution of
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is because recent theoretical considerations d binary-stellar evolution in progenitors d
these systems predict that contrary to earlier belief their spin-up Roche-lobe overflow
phases are long and efficient enough to spin the accreting neutron stars in these sys-
tems up to millisecond periods (Bhattacharya 1996). Possible explanations suggested
including the one invoked here for the paucity o IMBPs relate it to:

a) thefact that the corresponding progenitors d such pulsars during the accretion-

powered X-ray phase are not observed which might be itself due to

— an instability in the associated Roche-lobe overflow mass-transfer that
would make the duration o the X-ray phase to be extremely short and
inefficient (van den Heuvel 1994b) and hence a recycled pulsar would not

be born, or

— that an X-ray phase (hencethe spin-up of the neutron star) is not realized
at all because o an instability in the first mass-transfer episode in the
progenitor binary, namely before the formation of the neutron star due

to the large mass ratio o the binary components (Rathnasree 1993).

b) selection effects due to

— their lower expected radio luminositiesin comparison to the millisecond

pulsars, and

— Doppler smearing o the pulsed signal because o the high orbital ac-
celeration of the pulsar being in atight orbit with a relatively massive
companion (Kulkarni 1995).

c) the downward vertical evolution (on a time scale ~ Tonm) predicted in SIF for
some M BPs although they are aso expected to first appear in the "gap" region.
The very large values d i, >> Tonm at the corresponding P., and Br where
the recycled pulsar starts its new life would however imply that it will spend
very little timein the "gap" region.. Furthermore, because of the larger values

o ’—’r}-;,f‘ for IMBPs as compared to LMBPs which is due to the higher stellar



wind rates in IM-stars their fields should decay down to values o B;<107 G
which is smaller than that predicted for LMBPs. Consequently, most of the
pulsars recycled in binaries with IM stars are expected to cross the standard

pulsar death-line before arriving at their final residual field values.

The suggested downward evolution of recycled pulsars would also allow for the wedge-
shape region between the “Hubble”-line (t,q = 10'° yr) and the "death"-line to be pop-
ulated (the shaded areain Fig. 2.18). Thisisin contrast to the usual assumption that
a value of By ~ 10® G is the minimum residual field, and also that recycled pulsars
would evolve with essentially no further field decay after recycling. However, the short
timescale o the assumed downward vertical evolution o the recycled pulsars in con-
trast to the much larger values o the characteristic ages in that region would imply
a low probability of observing pulsars in this phase o their evolution as was argued
earlier for the "gap” region. In addition, the pulsar death-line has been suggested to
have a smaller slope in the region o B, < 10° G based on additional constraints on
the ete~ pair creation in the vacuum gap invoked in the polar cap theories d radio
emission mechanism d pulsars (Phinney & Kulkarni 1994; Rudak & Ritter 1994; see
also Chen & Ruderman 1993). The modification d the death-line will have the effect
d reducing the area of the wedge-shape region between the death-line and the Hubble-
line and hence reducing the expected number of the recycled pulsars in that region.
Nevertheless, at least one pulsar has been already observed which belong to this region,
namely PSR J2317+1439 with a P; = 3.443 ms and a By = 107°¢ G (Camilo, Nice
& Taylor 1993). The observed properties o this pulsar can be accounted for in the
standard scenario only by assuming a low accretion rate M,..< 1072 Mgaq during the
Roche-lobe overflow phase o the progenitor LMXB. Similarly the observed recycled
pulsars which are believed to be much younger than implied by their characteristic ages
(Lorimer et al. 1995b; Camilo, Thorsett & Kulkarni 1994) might be also accounted for

in termsof their rapid downward evolution discussed here.
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Summary:

To summarize, a value d Tonm ~ (1 - 2) x 107 yr might be suggested for the mean
crustal Ohmic decay time scale based on the implications d the SIF scenario for the
observed distribution o single and binary pulsars. Given such a value d Tonm, pulsars
recycled in binaries with high-mass companions are expected to evolve further along
vertical tracks on the B, — P, plane while those processed in low-mass systems would
follow horizontal evolutionary paths. The intermediate-mass companions are predicted
toresult in recycled pulsars which will have an intermediate behavior between the above
two extremes. The results for a larger assumed value of Topm ~ 108 yr might be also
consistent with the observations as far as the evolution o binary pulsars is concerned.
Such a value of Tonm Would however leave the origin of the observed excess in the
number of low-field solitary pulsars unexplained. Evolution of HMBPs and IMBPs as
discussed hereisfurther summarized in Tables 2.4 and 2.5 where a comparison is also
made between the results expected for the two assumed values of Topm ~ 107 yr and
108 yr.

Four possible evolutionary routes are distinguished in Table 2.4 depending on the
values o two observable quantities, namely the strength o the magnetic field in the
X-ray phase B, and its value in recycled pulsars B;. Route 2 differs from others (1,
3, and 4) in that a large drop in the magnetic filed strength (by a factor of 2 10?%) is
assumed to occur at the transition from a progenitor HM XB-phase to the descendent
recycled pulsar. Routes 3 and 4 in contrast consider the consequences of assuming
low-field HMXB progenitors for HMBPs and IMBPs.

Table 2.4- Observationally distinct recycling routes

X-ray source recycled system route
large B By ~ 1012 G 1
pul sating ~ 1012 G 2
low B, Be< 101 G 3
non-pulsating | <10* G . 4




The requirements for realization of each route for the two different values of Tonm
and the expected post-recycling evolution of the neutron star as well as the possible
types of its companion star are then shown in Table 2.5. In particular, the possibility
d producing recycled pulsars similar to PSR B1913+16 and PSR B0655+464 are also
indicated in each case. As can be seen from Table 2.5, while both values d Tonm are
permitted in the case d an enhanced field decay at the end of the X-ray phase (route
2), however a choice of 7opm ~ 107 yr has the further merits of being acceptable even
without invoking such a rapid field decay besides its successin explaining the origin of

the low-field single pulsars.
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Table 2.5- The requirements and results of the different recycling routes

assuming implications for

route te/ToOhm Br/Bi | Tonm (YT) companion star post-recycling® 1913416 | 0655+64
1 <3 108 HM ; IM horizontal NO NO
20.1 107 higher mass HM vertical NO NO
3& 3-10 10® lower mass |M horizontal e vertical NO NO
4 0.1 107 lower mass HM; IM | horizontal smea Vertical wes horizontal | YES YES

2 temporarily | >10"* | 107; 108 HM ; IM vertical wea horizontal

reduced Topm | <107* | 107; 108 HM ; IM horizontal NO NO

* horizontal and vertical evolutionary tracks on the B, — P, plane.




2.5 Main Conclusions of this Chapter

In this section we gather together all the new results and conclusions arrived at in
this chapter. The spin-down-induced flux expulsion model d magnetic field decay in

neutron stars leads to the following conclusions :

1. Old solitary neutron stars are expected to have surface dipole field strengths
~ 101 G

2. The observed populations o single pulsars as a whole can be explained as mak-
ing a single population born with similar initial conditions. The low-field high-
latitude pulsars with no smaller period counterparts could be accounted for by
the evolution o some o the larger-field pulsars undergoing a "restricted” field
decay that results in an increase (by a factor of >10) in their active lifetimes.
An "injection” in the "current” o pulsars at larger field values would be due to
recycled pulsars in very massive binaries which do not live long enough for the

field to decay.

3. Spin periods as large as P, ~ 10% s for neutron stars in LMXBs are predicted
by the spin-down-induced model o field decay. This should be contrasted with
P,<10 s to be expected based on the purely exponential field decay model.

4. Magnetic fields d order 108 - 10° G observed in millisecond pulsars can be

obtained under a variety o circumstances provided either

e the Ohmic diffusion timescale Tonm at the bottom o the crust liesin the
range 1085 - 10° yr, and the spin-down torque due to accreted wind is
similar to that o a Keplerian disk interacting with the magnetosphere at
a an .interfacewhich corresponds to a value d ¢ = 1 for the effieciency

factor defined for the rate of angular momentum transfer. Or



o amore€fficient torque is considered (¢ > 10) in which case Topm ~ 107 yr
would be preferred. This latter choiceis preferred as the results for spin-
magnetic evolution d solitary pulsars as well as those recycled in massive

binaries indicate a value d Topm ~ 107 yr.

5. The lowest final surface field strengths B, achieved for pulsars recycledin low-
mass systems in our models are d order 10® G. This results from the fact that
the maximum spin periods acquired by the neutron stars in the course o their
binary evolution never exceed a value d ~ 10* s, irrespective of the initial

conditions that we have considered.

6. The broad agreement between the observed trend o final field strengths as a
functiond theinitial orbital period isencouraging, especialy in view o the wide
range o possibleinitial conditions that may obtain in wide LMXBs. Extension
of the work to the case o very tight orbits (P, < 0.5 day) would provide

further constraints.

7. The transport o flux across the core-crust boundary plays a significant role
in determining the final surface field strengths of neutron stars. For example,
if this transport occurs in a time scale similar to the Ohmic time scale in the
crust then the values o Tonm required to explain observations would be an or-
der of magnitude lower than if the above transport is instantaneous. Hence
lower values d Tonm Would produce acceptable field strengths for low-mass bi-
nary pulsars even for small values d the efficiency factor ¢z 1. More detailed
and quantitative models o flux transport in the inner crust would be useful,
and probably be necessary, to form a coherent picture o the evolution of the

magnetic fields d neutron starsin a wide variety o systems.

8. Recycled pulsars in globular clusters are predicted to have a similar history,
and future (1), as those recycled in disk-population low-mass systems except for
their higher residual field values whichis aresult o their lower magnetic fields

when they are captured in a binary with their low-mass companions.



9.

10.

Post-recycling evolution d many pulsars processed in binary systems with high-
and intermediate-mass companion stars would be along vertical tracks on the
B, — P, plane, while those with low-mass companions will follow horizontal

paths.

Recycled pulsars might populate the region between the Hubble-line and the
death-line on the B, — P, plane, although the rapid downward evolution pre-

dicted for such pulsars makes the chance d observing them very small.

A value o B; ~ 108 G need not be an absolute minimum value for the resid-
ual field o neutron stars. Neutron stars recycled in close binaries might attain
smaller final magnetic field strengths o By > 108 G, although they will be un-

observable as radio pulsars unless they are spun-up to sub-millisecond periods.



