Chapter 7

spin-down induced flux expulsion
and its consegquences

7.1 introduction

Almost all models of field evolution depend on the mechanism of ohmic decay of the
underlying current loops for a permanent decrease in the field strength. It has been
mentioned earlier (chapters[3] and [5]) that such ohmic dissipation is possible only if
the current loops are situated in the crust where the electrical conductivity is finite.
Any flux that may reside in the superconducting core of the star would remain un-
changed forever unlessthis flux is brought out to the crust.

Modelsthat assume an initial core-field configuration, therefore, require a phase of flux
expulsion from the core. This expelled flux then undergoes ohmic dissipation in the
crust decreasing the surface field strength. One such model uses the spin-evolution
to achieve this - that o the 'spin-down induced flux expulsion’(Srinivasan 1989, Srini-
vasan et al. 1990). The core o the neutron star is believed to contain two superfluids
- the neutral neutron superfluid and the charged proton superconductor. Whereas the
rotation o the star is supported by creation of vortices in the neutron superfluid, the
magnetic flux is sustained by Abrikosov fluxoidsin the proton superconductor (Bhat-
tacharya & Srinivasan 1995). Spinning down o the star requires a decrease in the
number of vortices in the superfluid core. Therefore as a result of spin-down the vor-
tices move out towards the core-crust boundary o the star. An inter-pinning between
the vortices and the magnetic fluxoids make the fluxoids move outwards too, reducing
their number in the core. A decreasein the number o fluxoidsin the core reduces the
field strength there. The nature of such flux expulsion as a result of spin-evolution has
been investigated in detail for both isolated pulsars (undergoing pure dipol e spin-down)
and for the neutron stars that are membersd binaries (undergoing major spin-down
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in the 'propeller phase’) (Ding, Cheng & Chau 1993; Jahan Miri & Bhattacharya 1994;
Jahan Miri 1996).

In this chapter we look at the ohmic decay of such expelled field in the crust of an
isolated as well as that of an accreting neutron star. Some o the earlier investigations
in this direction assumed an uniform ohmic decay time-scale in the crust irrespective
of the accretion rate (Jahan Miri & Bhattacharya 1994, Jahan Miri 1996). The only
detailed work in this context has been by Bhattacharya & Datta (1996) where they
incorporated the crustal micro-physics into their calculation for the evolution of the
expelled field. However this work did not include the material movement that takes
place in the crust as a result o accretion. In the present work we incorporate the
material movement too and look at the evolution of an expelled field in the crust of an
accreting neutron star using the methodology developed in chapter [5).

In the previous chapter we have discussed the overall scenario for the evolution of the
neutron star magnetic field - encompassing both isolated neutron stars and those that
are members of binary systems. In this chapter we investigate the consequences of the
model of 'spin-down induced flux expulsion' in the above mentioned systems. We try
to judge whether this model, too, is consistent with the overall field scenario and under
what conditions. In section [7.2] we shall discuss the results of our computations and
conclude in section [7.3].

7.2 results and discussions

Using the methodology developed in chapter [5] we solve the equation [5.16] for an ini-
tial flux just expelled at the core-crust boundary due to spin-down. Such an expelled
flux is deposited at the bottom of the crust and we start our calculation with such a
field configuration. Figure [7.1] showsthe distribution of the g-function and figure [7.2]
the toroidal currents, Jg, assumed at the starting point of our evolution.

7.2.1 ohmic decay in isolated pulsars

The cause of flux expulsion is the spinning down of the pulsar. Therefore, for isolated
pulsars too, experiencing a pure dipole slow-down, there would be some flux expulsion.
The extent of such flux expulsion has been worked out by Jahan Miri (1996) and it
has been shown tlicre that the flux expulsion is most effective for pulsars with large
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Figure 7.1: Theinitial radial dependence o the g-profile, corresponding to an expelled
flux, centred at X = 0.925, with a width dz = 0.006; where z is the fractional radius
r/R.
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Figure 7.2: The initial radial dependence of the &component of the corresponding
current configuration.
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Figure 7.3: Pure ohmic diffusion of the g-profile plotted in figure [7.1] for 7 ~ 10°
yrs, with Q = 0.1, in a neutron star with standard cooling. The curves are shown for
intermediate times with no discernible change in the value at the surface (x = 1).

values d magnetic field strength. Before discussing the field evolution in neutron stars
in binary systems, we first look at the ohmic decay of such an expelled field in isolated
pulsars. We consider the isolated neutron star to undergo standard cooling, in order
to find the maximum extent of field reduction in thiscase. But by the time significant
flux-expulsion is achieved, the crustal temperature goes down to very low values for an
isolated neutron star. Insuch asituation the conductivity would be mainly determined
by the scattering of the conduction electrons by the impurities. To see the effect of
that we have considered here several values o impurity strength Q (seesection {2.4] for
details).

In figures [7.3] and [7.4] we have plotted the time evolution of the g-profilefor two val-
ues of the impurity strength. In figure [7.5] the corresponding evolution of the surface
fieldsfor five values o the impurity strength are plotted. It isseen very clearly that the
surface field actually increases when the expelled flux diffuses outwards before finally
decaying down to smaller values. It is to be noted that even for a very large value o
the impurity strength (Q = 0.4) the surface field shows significant decay only over a
time-scale of ~ 10° years. The active lifetime of an isolated radio pulsar is < 10® years.
Therefore, an isolated radio pulsar would experience little field decay over its active
lifetime, consistent with the indications from statistical analyses. So we conclude that
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Figure 7.4: Same asfigure [7.3] with Q = 0.2. The profilesshow an initial increase and
a substantial decrease in the surface value over a time-scale of 10° years.
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Figure 7.5. The evolution of the surface magnetic field due to pure diffusion of an
expelled flux corresponding to the evolution of the g-profile plotted in the previous
figures. The dotted and the solid curves correspond to Q = 0.0, 0.1, 0.2, 0.3 and 0.4

respectively.
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Figure 7.6: Evolution of the surface magnetic field for an expelled flux. Thecurves1to
5 correspond to M = 10~13,10712,10-11,1071°,107% Mg, yr~!. All curves correspond
to Q = 0.0.

with an expelled flux there is provision for large values o Q to exist in the crust of
the neutron star. In fact, we shall see later that in this model large Q is a necessary
requirement for millisecond pulsar generation.

7.2.2 fidd evolution with accretion

Before looking into the nature o field evolution in various binary systems, we first
investigate the evolution of the surface field under accretion, assuming the g-profile
plotted in figure [7.1] as the initial condition. In figure [7.6] we plot the evolution of
the surface field for different values of the accretion rate and in figure [7.7) we plot the
evolution for different valuesdf the impurity strength. We find that the field strengths
go down by about only one and a half order of magnitude even for afairly large value
o the impurity strength. Therefore, even higher values of impurity strength will be
required for a larger reduction in the field strength. We shall see later that for certain
cases the required impurity strength is much larger than that considered by us here (we
have considered a maximum Q value o 0.4) to achieve millisecond pulsar field values.
The characteristic features o field evolution are then as follows.
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Figure 7.7: Evolution o the surface magnetic field for an expelled flux. The different
curves from top to bottom correspond to Q = 0, 0.1, 0.2, 0.3 and 0.4 respectively. All
curves correspond to to M = 1071 Mg, yrL.

1. Aninitial rapid decay (neglecting the early increase) is followed by a dow down
and an eventual freezing.

2. Theonset of 'freezing' isfaster with higher rates of accretion, i.e., at higher values
o crustal temperature.

3. Lower fina 'frozen' fields are achieved for lower rates of accretion.

4. To achieve a significant reduction in the field strength, very large values of the
impurity strength are required.

It isclear from these features that the general nature o field evolution in the case of an
expelled flux is qualitatively similar to that in the case of an initial crustal flux. This
indicates that the behaviour of the field evolution in different kinds o binaries will
again be similar to what we have found in the case o an initial crustal flux, discussed
in chapter [6).

7.2.3 fidd evolution in binaries

In section [6.3} we have outlined the three phase of binary evolution, namely - the iso-
lated, the wind and the Roche-contact phase. In the wind phase there are two distinct
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Figure 7.8. Evolution o the surface magnetic field in high m&ss X-ray binaries
for four values of wind accretion rate. The curves 1 to 5 correspond to M =
10~14,10713,10712,10~11,1071% Mg yr~!. Though here curves 1 and 2 are indistin-
guishable. All curves correspond to Q = 0.0.

possibilitiesd interaction between the neutron star and its main sequence companion.
If the system isin the 'propeller phase' then there is no mass accretion. But the im-
portance of this phase isthat the star rapidly dows down to very long periods and as a
result a significant flux-expulsionis achieved. From the point of view of flux expulsion,
therefore, we assume the flux to be completely contained within the superconducting
core (neglecting the small flux-expulsioncaused by the dipole spin-down in the isolated
phase) prior to this phase. Therefore, the ohmic decay of this flux will take place only
after this phase is over - that isin the phase of wind-accretion and most-importantly
in the phase of Roche-contact. It has aready been noted that, in case of low mass
X-ray binaries, it is not very clear as to how long the phase of wind-accretion lasts or
whether such a phase is at all realized after the 'propeller phase' isover. Therefore, in
our calculations we have considered cases with and without a phase of wind accretion,
as before.

7.2.3.1 high mass binaries

Figures [7.8) and [7.9] show the evolution o the surface field in high mass X-ray bina-
ries for different values of the impurity strength in the crust. The parameters for the
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Figure 7.9: Same as figure [7.8] with Q = 0.04.
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Figure 7.10: Same asfigure [7.8] with the Roche-contact phase expanded.The solid and
the dotted curves correspond to curves1 and 2 in figure [7.8].



134 Chapter 7. d flux p 1its g

n T T 7
[} i
’.
't ]
;a?:.f 1 7
Q ]
n
ENE ]
c’1
8 F . 2 1
™ L s 1
5 |
T)-.g I R S B SRR |
6 7 8 9

log (t/yr)

Figure 7.11: Evolution of the surface magnetic field in low mass X-ray binariesfor two
values of wind accretion rate. Thecurves1to 5 correspond to Q = 0.0, 0.01, 0.02, 0.03
d 0.04 respectively. All curves correspond to a wind accretion rate of M = 10716 Mg

yr‘l.

high mass X-ray binary evolution are as before. The surface field shows a clear initial
increase followed by a sharp decay. The decay in the Roche-contact phase is very small
and isalmost invisible in the above-mentioned plots. Infigure [7.10] we have expanded
the Roche-phase corresponding to the figure {7.8] to highlight this phase. For the im-
purity strengths considered by us, the field decreases by about an order of magnitude.

7.23.2 lownmass binaries

Figures [7.11) and [7.12] show the evolution of the surface field in the low mass X-ray
binaries; for different valuesdf the impurity concentration in the crust. The two figures
correspond to two different values o accretion rate in the wind phase. It should be
noted that this difference in the wind accretion rate does not manifest itself in either
the nature of thefield evolution or thefinal field strengths. However, a differencein the
accretion rate in the Roche-contact phase shows up very clearly in figures {7.13] and
[7.14] where the Roche-contact phases, corresponding to the figures [7.11] and [7.12],
have been expanded. Comparing the different curves (for different values of the im-
purity parameter) we see that a large value of impurity strength gives rise to a rapid
decay and therefore a low value of the final surface field.
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Figure 7.12: Same as figure [7.11] with a wind accretion rate of M = 10714 Mg yr~1.
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Figure 7.13: Same as figure [7.11] with the Roche-contact phase expanded. The solid
and the dotted curves correspond to accretion rates of M = 1071°,10° Mg yr~lin the
Roche contact phase.
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Figure 7.14: Same as figure {7.12] with the Roche-contact phase expanded.The solid
and the dotted curves correspond to accretion rates of M = 10~19,10° Mg yr~!

in the
Roche contact phase.
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Figure 7.15: Evolution of the surface magnetic field in low mass X-ray binaries without
a phase of wind accretion. The set of curves (a) and (b) correspond to accretion rates
of M =10-1°,10° M yr~lin the Roche contact phase. Individual curves in each set

correspond to Q = 0.0, 0.1, 0.2, 0.3 and 0.4 respectively, the upper curves being for the
lower values of Q.
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In figure [7.15] we have plotted the evolution of the surface field assuming the wind
accretion phase to be absent. Ounce again we find that for higher rates of accretion
higher final field values are obtained. It should be noted here that the final field values
obtained now are only about an order and a half & magnitude lower than the original
surface field strengths. Even though the impurity strengths assumed now are much
higher than those assumed when we investigated the field evolution in low mass X-ray
binaries wth a phase of wind-accretion. In absence o a prior phase of wind accre-
tion the flux does not have enough time to diffuse out to low density regions when
the Roche-contact is established. Therefore here the role of accretion, in the Roche-
contact phase, is mainly to push the currents in rather than to enhance ohmic decay
rate. Evidently, much larger impurity strength is required to be assumed in order that
the final field values could be reduced by three to four orders of magnitude. Unfortu-
nately, due to numerical instabilitiesit becomes very difficult to explore situations with
even higher valuesdf Q. But the above-mentioned figure clearly establishes a trend as
to how the final field values behave with Q and it is evident that we need Q values
much larger than those considered hereto get down to millisecond pulsar field strengths.

The most important point to note here is the fact that again, similar to an initial
crustal field configuration, the amount of field decay is much larger than that achieved
in the case o high mass X-ray binaries. Although, in low mass X-ray binaries with
higher values of impurity strength the surfacefield does go down by three to four orders
of magnitude from its original value, the final field strength could remain fairly large
if the impurity strength is small. But if the wind-accretion phase is absent in these
systems then to achieve large amount o reduction in the field strengths much larger
value of the impurity strength will be required. Therefore, the 'spin-down induced
flux expulsion model* will be consistent with the overall scenario of field evolution and
in particular millisecond pulsars can be produced in low mass X-ray binaries provided
the impurity strength in the crust o the neutron starsisassumed to be extremely large.

7.3 conclusions

In this chapter we have investigated the consequences d 'spin-down induced flux expul-
sion'. So far, the general nature o field evolution seem to fit the overall scenario. The
nature of field evolution isquitesimilar to that in case o a purely crustal model of field
evolution though the details differ. Most significantly, this model has the requirement
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o large values of the impurity strength Q in direct contrast to the crustal model. To
summarize then :

e The field in isolated neutron stars do not undergo any significant decay, over the
active lifetime o the pulsar, conforming with the statistical analyses.

e The field values in the high mass X-ray binaries can reaming fairly large for a
moderate range of impurity strength.

e A reduction o three to four orders of magnitude in the field strength can be

achieved in the low mass X-ray binaries provided the impurity strength is as
large as 0.5.

e If the wind accretion phase is absent then to achieve ,millisecond pulsar field
values, impurity strength in excessd unity is required.



Chapter 8

conclusions

In thisfinal chapter we shall summarize the main conclusionsof our investigations. For
our work we have drawn upon many results which are not entirely free o uncertainties.
We shall also mention here such uncertainties that are likely to affect our results. And
lastly we shall indicate the future directions of work in this context. -

1. Generic Featuresof Field Evolution in the Crust - In this thesis we have
mainly investigated two modelsd field evolution that of an initial crustal current
supporting the field and the model of spin-down induced flux expulsion. The
qualitative features of field evolution are same for both the models. We have also
looked at the effect of diamagnetic screening in an accreting neutron star. The
naturedf thisscreeningissuch that an assumption regarding a particular model of
field configuration is unnecessary and the results o this investigation are model-
independent. Therefore, we have the following general conclusions regarding the
nature of field evolution in the crust.

e Pure Ohmic Decay in Isolated Neutron Stars :

(a) A dow cooling o the star gives rise to a fast decay and consequent low
final field. The opposite happens in case of an accelerated cooling.

(b) An initial crustal current distribution concentrated at lower densities
again gives rise to faster decay and low final surface field. Whereas if
the current islocated at higher densities the decay is dow resulting in
a higher final surface field.

(c) A large value d impurity strength implies a rapid decay and low final
field. If the crust behaves more like a pure crystal the decay slows down
considerably.

139
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e Accretion-Induced Field Decay in Accreting Neutron Stars :

(& In an accreting neutron star the field undergoes an initial rapid decay,
followed by dow down and an eventua freezing.

(b) A positive correlation between the rate of accretion and the final field
strength isobserved, giving rise to higher final saturation field strengths
for higher rates of accretion.

(c) An expected screening of the surfacefield by the diamagnetic accreting
material is rendered ineffective by the interchange instabilities in the
liquid surface layers of the star.

2. Nature of Field and Spin Evolution in Real Systems— In the next phase
of our investigation we have applied the models of field evolution to real systems
- isolated neutron stars as wdl as to those in binaries. The paradigm of field
evolution that have emerged out of various observations, statistical analyses and
theoretical expectations have been summarized in the following flow-diagram.
The arrows indicate the expected evolutionary link between X-ray binaries and
binary radio pulsars. The following table summarizes the results of our investi-

gations.
THE OBSERVATONAL PARADIGM
NEUTRON STARS
RADIO PULSARS X-RAY BINARIES
| ]
f I
ISOLATED BINARY Low N_JASS HIGH MASS
LOW MASS HIGH MASS

A i



Evolution of a Purely Crustal Field
Our Results

system final field and period comment
isolated high field, long period no significant field decay
radio pulsars in 10° years
HMXB high field, long period high-mass binary pulsars

and solitary counterparts

low field, long period not active as pulsars

LMXB high field, long period | high field low-mass binary pulsars
and solitary counterparts

low field, short period | low field low-mass binary pulsars
and solitary counterparts,
millisecond pulsars

It isevident that the results obtained from the field evolution models agree well
with the observational paradigm. The nature o field evolution is similar for the
model of spin-down induced flux expulsion. Though there isone major difference.
To produce millisecond pulsars in LMXBs in spin-down induced flux expulsion
model very large values of impurities are required. This makes the surface field

go down to very low valuesin 10° yearsinisolated pulsarsin contrast to a purely
crustal model.

. Ranges of Physical Parameters — In the following table we summarize the
constraints on various physical parameters in the field evolution models placed
by the requirement to match observed properties in a variety of systems. The
parameters discussed here are - the density at which the initial crustal current
distribution is located (po), the impurity strength in the crust (Q), the duration
of wind-accretion phase in different binary systems and the rate of accretion in
the Roche-contact phase for LMXBs.
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Congtraints on Physical parameters

parameter model | system requirement parameter range

Po crustal | hmxb high field high po

Q crustal | isolated no field decay Q<0.01 for

radio pulsar over active | standard cooling,

pulsar life-time Q50.05 for

accelerated cooling

core LMXB millisecond pul sar @>0.05 with

generation -wind accretion,

Q >> 1 without

wind accretion

duration of crustal | HMXB high field short
wind accretion

M in crustal | LMXB high field Eddington rate

Roche-phase

4. Uncertainties— Theresults and conclusionsstated above suffer from a number
of uncertainties regarding the micro-physicsd the neutron star, as listed below.

e Thermal Behaviour -

(a) Isolated Phase - The present date can be made to fit scenarios with
both a sl ow or an accelerated cooling. Hence it is not clear whichis the

correct cooling behaviour of an isolated neutron star.

(b) Accreting Phase - the crustal temperature corresponding to a given rate
o accretion has not been determined with any certainty. Also, the
existing results are limited in their scope and there is no agreement
between various authors.

(c) Post-Accretion Phase - No calculation exists for the thermal behaviour
of this phase at all.




e Transport Properties - There are several factors, the effects of which have
not been incorporated yet, namely those of

(a) the changein the chemical composition due to a) accretion and b) spin-
down; and

(b) the dislocations, defects etc. o the crustal lattice.

e Equation of State - Apart from the uncertainties already existent for a cold
equation o state, the change in the chemical composition due to accretion
introduces change in the equation of state and hence in a) the structure of
the star and its b) transport properties.

e All d our investigation has been based on an assumption of a pure dipolar
model for the magnetic field. The validity o these results requires to be
checked by including higher order multi-poles for the field.

5. Future Directions — One of the most important questions in the context
of the evolution of magnetic fields in neutron stars is regarding the models of
field generation (and therefore o the internal field configuration). There is no
consensus as to which one is actually realized. Our calculations clearly point out
that the models have very different requirements for the impurity strength in the
crust. Possible ways of resolving this dilemma then could be the following.

e Theoretical - A better many-body calculations may determine the state of
maitter in the crust accurately in regard to its impurity content.

e Observational Prediction - An old solitary radio pulsar will have a very low
field if the impurity content of the crust is very large. The detection of
such a pulsar accreting matter from the interstellar matter will therefore
immediately indicate the impurity content of the crust. The results of our
investigation clearly indicate that the both the models place very stringent
limits on the impurity strength and the limits from the different models
are quite incompatible. Therefore such an observation will immediately de-
termine the viability of one model or the other - predictably providing an
answer to this question.
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