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ABSTRACT

We suggest that the unusually large second derivative of angular velocity of PSR 1620—26 may result from
a recent giant glitch which occurred more than 30 yr ago, instead of being caused by a second companion
orbiting around the binary system of the pulsar. Our model parameters predict that either the core magnetic
field of this pulsar is much stronger than its surface magnetic field if the internal torque is produced by the
core superfluid, or 2 is actually larger than the present upper limit by a factor of several if the internal torque
is produced by the crustal superfluid. The former case will indicate that the internal magnetic fields of both
the canonical pulsars and millisecond pulsars are the same. We further suggest that PSR 1620— 26 should be
a soft X-ray source with L, ~ 5 x 1032 ergs ~' and characteristic energy E, ~ 200 eV.

Subject headings: pulsars: individual (PSR 1620 —26) — stars: magnetic fields

1. INTRODUCTION

The millisecond pulsar 1620 —26 in the globular cluster M4
is in a binary system with a 0.3 M companion star. Sub-
sequent measurements of this pulsar were analyzed (Lyne
1988; Mckenna & Lyne 1988), and the data can be fitted by a
polynomial function of time, with terms for spin frequency Q
and the spin-down rate Q. The residuals of the data of this
pulsar can be removed by a simultaneous fit for an unusually
large 2 = 1.2 x 10722 573, which is seven orders of magnitude
larger than that predicted by pure dipole radiation, and the
third derivative Q of the spin rate (Backer, Foster, & Sallmen
1993, and references therein). Because the { term is strongly
coupled with other spin parameters, Backer et al. (1993) used 3
times the fitted value, i, & = 1.3 x 1073! s™%, as an upper
limit. Soon they considered several possible explanations, both
intrinsic and extrinsic, for the unusual second derivative {3 of
the spin rate. They found that it could be well explained by the
presence of a second weakly bound companion object moving
in a wide orbit around the main binary system. This third
object may have been captured into this binary system during
a recent collision with another stellar system (Sigurdsson
1993). In their calculations, a set of circular orbits with inclina-
tion angle 45° is considered. The values of the first derivative

can be suitably chosen to be consistent with the upper limit of .

Q). The ratio of the first and third derivatives of Q would
provide them with an exact value of the orbital period, and
hence they could obtain the mass of the second companion
star. Unfortunately, Backer et al. have only an upper limit of
both quantities, which makes the corresponding mass of
2 x 10°! g and orbital period of 120 yr only estimates. By
using the values obtained, the lower mass models which have
been investigated in detail by Sigurdsson (1993) can provide
favorable values of eccentricity and longitude of periastron
necessary to keep the expected value of Q below the limit
Backer et al. set.

Their model has one great difficulty in the low binding
energy of the second companion star in a wide orbit around
the binary system. The pulsar’s low-mass companion can be
easily ejected from the system in an exchange encounter with
other stars in the globular cluster. The collision time for the

disruption of this outer orbit, during which this pulsar system
crosses the cluster hundreds of times, is of the order of 108 yr,
which is also the lower limit to the age of the pulsar. It appears
that such a scenario is acceptable, but certainly not the unique
solution.

In this paper, we propose that such an unusually large
could be produced by the interaction between the solid part
and the internal superfluid of the star if there is a glitch that
occurred more than 30 yr ago. In § 2, we give a brief review of
thermal vortex creep theory, which describes the interaction
between the superfluid and the stellar crust. The temperature
dependence of the relevant relaxation times are given. In § 3,
we discuss how the energy released by a glitch can heat up the
star. It turns out that the surface temperature is sensitive to the
equations of state used. The observed values are compared
with the model results, and the implications of model param-
eters will be discussed in § 4. Finally, a brief conclusion is
drawnin§ 5.

2. SUMMARY OF VORTEX CREEP MODELS

Although the details of neutron star structure sensitively
depend on the neutron matter equation of state (EOS), the
general structure of the star (Baym & Pethick 1979; Pines
1980) is adapted as follows: A solid outer crust of increasing
mass density (7 x 10° gecm™3 < p <4 x 10! g cm™3) con-
tains a solid array of fully ionized nuclei and highly degenerate
relativistic electron plasma (Ruderman 1969). An inner crust
consists of a lattice of increasingly neutron-rich nuclei and
relativistic electrons at density 4 x 10! g cm 3 S p <24
x 10'* g cm™3, which coexist with a highly degenerate
neutron superfluid liquid likely in an 'S, pairing state
(Hoftberg et al. 1970; Yang & Clark 1971; Takatsuka 1972,
1984). In quantum liquid interior, the neutron-rich crustal
nuclei have dissolved into free neutrons and protons which
form a 3P, paired neutron superfluid and an S, paired super-
conducting fluid (Chao, Clark, & Yang 1972), respectively.

The rotating superfluid will form quantized vortex lines
which are energetically favorable to pin to the nuclei of the
crustal lattice. The pinning energy (E,) is the gain in energy
when a nucleon is inside the normal matter core of a vortex
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line (Alpar 1977; Alpar, Cheng, & Pines 1989), which is given
by

E, = 0.87y A%, MeV, 1)

where y is a dimensionless factor of order unity, A is the gap
energy in units of MeV, and kg is the Fermi wavenumber in
units of fm ~*. Since the slow-down of the star due to magnetic
dipole radiation sets up a differential rotation between the
superfluid (with speed v; = rQ2,) and the neutron vortices which
are pinned to the crustal lattice and hence corotate with the
star with speed v, = rQ, this produces a Magnus force at the
vortex line fy = pxr(Q; — Q)é, = pxrwé,, where w is the
angular velocity lag between Q_ and Q. This force can reduce
the pinning potential by AE = f,, b¢, where ¢ is the coherent
length of the superfluid and b is the distance between two
pinning sites. The balance between the pinning force and the
magnetic force defines the maximum (critical) lag between the
angular velocities of the superfluid and of the crust given by

o, = 0.4y Arg 'k b3 rad s, )

where rg is in units of 10° cm and b, is the lattice spacing in
units of 50 fm. For a system of superfluid vortices with azi-
muthal symmetry, the equation of motion of the superfluid
angular velocity is given by

kn(r, t)v, 2Q.v

Q, = ===, 3
r r

where x = h/m,, is the vorticity quantum, r is the distance from
the rotation axis, n is the superfluid vortex density, and v, is the
radial velocity of the vortex line. In vortex creep models (Alpar
et al. 1984a, b; Baym, Epstein, & Link 1992; Link, Epstein, &
Baym 1993), the crust and the crustal neutron superfluid are
assumed to be coupled primarily via the thermal creep of
superfluid vortex lines; hence the thermal expectation value of
the vortex velocity in the radial direction is simply given by

v, = vy {exp [—(E, — AE)/kT] — exp [—(E, + AE)/kT]} .
@

It has been argued by several authors (Sauls 1989; Sriniva-
san et al. 1990; Chau, Cheng, & Ding 1992) that, in the core,
the magnetized vortex lines of the 3P, paired neutron super-
fluid are effectively pinned by the fluxoids of the 'S, paired
proton superconducting fluid due to either the proton density
perturbation in the center of a fluxoid (E, ~ 0.1-1 MeV per
connection) or the increase (or decrease) of magnetic energy in
the interaction region (E, ~ 10 MeV). Since the magnetic
pinning energy is an order of magnitude larger than that of the
proton density perturbation, we will only consider the former
in the core superfluid. Chau et al. (1992) estimated that the
pinning energy and the critical lag for the core superfluid were
given by

Sm* A
E, =91 x 10%(;"‘2)()(, 152 In <E) cosgeV  (5)

14
and

om* *\ —1/2
o, = 8.7 x 10“2ar6_1(—m”—><m"-)

m, J\m

B,

14

1/2 A ) .
X <1012 G) In (E)X" sin 2yrads™", (6)
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respectively. Here o is a geometrical factor of order unity, m
(=m, — 6m}) is the effective mass of a proton, B, is the core
magnetic field, y, is the proton concentration, p, 5 is the core
density in units of 10'® g cm ~3, A is the penetration length, ¢ is
the coherent length of the proton superconducting fluid, and y
is the inclination angle.

The equation of motion for the crust is given by

IchQ=Nexl+Nint ’ (7)

where I, (the charged component) ~ I, is the moment of
inertia of the crust (not including the crustal superfluid) plus
that of the superconducting protons (I,). N.,, is the external
torque on the star, and

Nint = - ~=ilISi Qsi (8)

is the internal torque resulting from the crustal superfluid
(i = 1) and the core superfluid (i = 2). In steady state, all the
different components of the star should slow down at the same
rate, namely, Q = Q, =Q,, =Q_,and N, = IQ_, where I is
the total moment of inertia of the star. Combining equations
(3), 4), (7), and (8) and ignoring the second term in equation (4),
we obtain a differential equation for the lag (Alpar et al. 1989):

@=|Qw|—lexp(g>, &)
n @

where n = r|Q,, | exp (E,/kT)/4Q,, v, and @ = w,, kT/E,. The
steady state lag is given by

— __l ~ —_ 1.
Wy = wc,I 1 E, n<r| = I) | ~ ., for ; < (10

equation (10) indicates that the superfluid maintains a constant
lag behind the charged component, but that they still couple
together via thermal activation. Equation (9) can be solved
easily (Alpar et al. 1989; Chau et al. 1992), and the observed
behavior of the crust is given by

2 IsiQoo
Ich Q(t) = IQoo - i=Zl 1 + [exp (tOi/Ti) — 1] exXp ( - t/Ti) ’

(1)

where t,, the “dilation time” which characterizes the time
when the superfluid and the crust star to couple, is given by

_ 1y 000(0)

Loi 10,1’ (12)
5w {0) = w;,, — w{0) ~ AQ, and
kT
T =— cri . (13)
Epi Epi | Qoo I

Here, we have assumed that the glitch occurs at ¢t = 0. We want
to remark that the crustal superfluid (i = 1) can actually have
more than one relaxation time (Alpar et al. 1993).

3. INTERNAL HEATING BY A GLITCH

In this section, we discuss the thermal response of a pulsar to
a glitch. The pioneer work on studying the thermal evolution
following instantaneous heat release in a glitch has been done
by Van Riper, Epstein, & Miller (1991).

It has been shown that a pulsar can achieve an isothermal
core a few hundred to a thousand years after its formation
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(Nomoto & Tsuruta 1981). Old pulsars like PSR 1620—26
should have an isothermal core if there has not been any
sudden heating before. Energy liberated by glitches will disturb
such isothermality. In this regard, cooling calculations have to
take into account the spatial variations of temperature. An
“exact” cooling model (Nomoto & Tsuruta 1987; Van Riper
1991) is then used. The methodological details of our cooling
calculations are presented elsewhere (Chong & Cheng 1994).

The energy released by a glitch will modify the canonical
cooling of a pulsar. Some rotating neutron stars have already
been observed to undergo a sudden increase in their rate of
rotation by about one part in 10° (the giant glitches), or by one
part in 10° (the microglitches) (Manchester & Taylor 1977;
Lyne & Graham-Smith 1989). The energy liberated in a giant
glitch can be greater than ~ 10*3 ergs. This transient heating
mechanism can occur anywhere inside the inner crust region
by either sudden angular momentum transfer from the crustal
superfluid to the solid part of the star (Pines & Alpar 1985) or
sudden fracture of the crustal lattice due to gravitational stress
(Baym & Pines 1971; Ruderman 1991a, b, ¢; Cheng et al. 1992;
Chong & Cheng 1993a, b, 1994).

Glitches can be generated by the sudden transfer of angular
momentum from the more rapidly rotating crustal superfluid
to the solid crust region. Quantized vortex lines are believed to
pin to the nuclei (Alpar et al. 1984a, b) and so cause a differen-
tial angular velocity and produce large strains in the crust. The
energy dissipated from each glitch is AE ~ AJw,,, where AJ is
angular momentum transferred and w,, is the angular velocity
lag between the crustal superfluid and the solid crust, which is
proportional to the strength of pinning. At mass densities
between 103 and 2.4 x 10'* g cm ™3, the vortex lines strongly
pin to nuclei, this region is called the nuclear pinning region
(Alpar et al. 1984a, b). At lower densities between 102 and
10'3 g cm 3, vortex lines repel nuclei and tend to pin to the
lattice by threading a path between the nuclei; this region is
called the interstitial pinning region (Epstein & Baym 1988).
Van Riper et al. (1991) estimated that the AE from the nuclear
pinning region is between 10*! and 10*3 ergs and from the
interstitial pinning region is ~ 10*° ergs for canonical pulsars.

For crust cracking, the energy liberated can be approx-
imated by AE = IQ}(AQ/Q), where I is the stellar moment of
inertia, Q is angular velocity, and AQ is the change in angular
velocity due to the glitch. Therefore AE can be as large as 1043
ergs for millsecond pulsars, which have a canonical I of 10* g
cm?, Q~10% rad s7! and AQ/Q ~ 107% The thermal
response to AE = 10*3 ergs is considered to be an extreme case
of energy liberation which might happen if a millisecond pulsar
has a Vela-like glitch.

We choose three EOSs to represent stellar models of varying
“stiffness.” They are the EOS of Baym, Pethick, & Sutherland
(1971; hereafter BPS), the EOS or Urbana VII plus the three-
nucleon interaction model of Wiringa & Fiks (1988; hereafter
UT), and the EOS of Panharipande, Pines, & Smith (1976;
hereafter PPS). The stellar mass is chosen to be 1.4 M.

Van Riper et al. (1991) have discussed soft X-ray pulses from
neutron star after glitches. Our modeling runs for a UT star are
comparable with their results, which were evaluated for T, ~
10%-° K. As we focus on the glitches to appear in the colder old
pulsars, the core temperature is chosen to be 10° K
(corresponding to T, < 10° K) at which a much higher interior
conductivity enables a fast thermal response to glitches—on a
timescale of an hour, instead of days or months as for the
hotter stars.
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FiGc. 1.—Evolution curves of surface temperature after a glitch. Solid line,

dashed line, dotted line represent curves for AE = 10*3, 10*4, and 10*° ergs,
respectively. EOS is UT. The glitch occurs at t = 0.

Figure 1 shows the evolution curves of the surface tem-
perature (T°) for various glitch sizes. The initial core tem-
perature is estimated to be T, ~ 10° K by assuming that the
core temperature is maintained by various internal heating
mechanisms, i.e., vortex creeping (Alpar et al. 1984a, b; Shiba-
zaki & Lamb 1989; Cheng et al. 1992) and/or continuous crust
cracking (Chong & Cheng 1993a), which can maintain the core
temperature around [(1-3) x 10 K] for the parameters of
PSR 1620 —26. However, we want to remark that our results
do not sensitively depend on the initial core temperature (cf.
Fig. 4 of Chong & Cheng 1994).

The glitch is assumed to be activated at p ~2 x 104 g
cm~3 when t=0. We can see that the core temperature
quickly rises to a maximum on a timescale of less than 1 yr and
decreases relatively quickly over a timescale of ~ 1 yr. The high
conductivity leads to the fast rising time, whereas neutrino
emission activated by the sudden rise of temperature will even-
tually cool down the interior within a short period of time and
also remove the nonisothermality inside the star. After that, the
star resumes its isothermal core and radiates its heat content
on a much longer timescale (2 10* yr) by blackbody radiation.
Figure 2 shows the evolution curves of the T;-values for various

107 T T T T T T T

N W AW
T T

106 |

Ts= (K)
~ w p

105 |

s L sl ol sl 3ol il gl sl sl 3l sl sl 3l Ill;
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FiG. 2—Evolution curves of surface temperature after a glitch, for
AE = 10** ergs. Solid line, dashed line, and dotted line represent curves for the
EOSs BPS, UT, and PPS, respectively.
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1033 grrremrr— T on the relaxation time. We are going to consider the response
1034 s from the crustal superfluid and the core superfluid separately.

=9 0337 4.1. Crustal Superfluid

% The thermal relaxation time of the crustal superfluid is given

8 103 by (Chau et al. 1992)

>

BB T = 55 days kT (keV)/|Q|_ 10 Ar b3 ki , (20)

E L0%0 where kT(keV) is the internal temperature in units of keV and

|Q]_ o is the spin-down rate in units of 107'° s™2 From the
102 cooling calculations (Figs. 1 and 2) 6 yr after the glitch with size
AQ/Q ~ 1076, the corresponding internal temperature, which
is related to the surface temperature (Gudmundsson, Pethick,

10 il ol NIt L il ul ul
106 105 104 103 102 10l 100 101 102 103 104 105 106
t (year)

Fi1G. 3—Evolution curves of the luminosity with respect to the cooling
curves in Fig. 2.

EOSs. The behavior is similar to that in Figure 1. In Figure 3,
we calculate the evolution curves of the luminosity of thermal
X-rays with respect to the curves in Figure 2. Such thermal
X-rays may be detectable by X-ray satellites.

4. EFFECT OF €} AND Q2 ON MODEL PARAMETERS

There are a number of constraints on the timescales (t,; and
7;). Since the discovery of this pulsar, the timing data on Q and
Q do not show any peculiar behavior except an unusually large
). This suggests that the glitch occurred before the discovery
and the relaxation process has started but is not yet over, so

TLREZ 6yt (14
where t is the time after the glitch. Although ¢ could be larger
than 1;, in such a case the relaxation process should have been

over before observation. Equations (12) and (14) imply the size
of the glitch:

AQ I
—_— -8 _—__ .
5 S82x10 (10h> (15)

Equation (11) can be approximated as

1,Q01) ~IQ, — ZIS,Q< t‘. _t/z.>, (16)

The second and the third derivatives of Q are given by

: 2 I Loi  _y;
Q= Z —IQwI—ze e 17)
i=1 Len Ti
and
0= Z Is' Q e M (18)

respectively. The observed upper limit on €3 suggests that

b
TR

‘'obs

230 yr. (19

(N.B. We want to point out that the observed data only give
constraints on the absolute value of {.) This puts a strong limit

& Epstein, 1982) and to the redshift parameters (given for
various EOSs in Chong & Cheng 1993a), is expected to be

T ~(@4-T)keV. 1)

For PSR 1620—26, taking |Q|_,, = 5 x 10~ * together with
equation (21), we expect the relaxation to be

Tgor ~ (1-2) x 10% yr, 22)

which is consistent with equations (14) and (19). However,
equations (14) and (17) imply

I .91 I
Toor S 2 =134 2% yr | 23
’ Ichlﬁl Ich ( )

If the core superfluid has already coupled to the charged
component, then I, /I, ~ 1%-40% (Ditta & Alpar 1993).
This violates the constraint of equation (19). The observed
constraint on  suggests that the response may not come from
the crustal superfluid. We want to point out that if further
observation yields a € larger than the present value by a factor
of several, then some very stiff EOSs would allow the response
to come from the crustal superfluid.

4.2. Core Superfluid

The thermal relaxation for the core superfluid is given by
(Chau et al. 1992)

*\ —1/2
1, = 1 day kT (keV)|Q|:}orgl<‘%'"ﬂ>

4

B 172 X 1/2 2
< Lp i . 4
X(lO”G) (,,) Sn sz &Y

Taking typical values of the parameters, m}/m, ~ 0.5, rg ~ 1,
xp ~ 0.03, p;5 ~ 002, and x = 45°, and | Q| _ 10—5 x 10~ for
PSR 1620 — 24, equation (24) becomes

1, ~ 43 yr kT (keV)(B,/10'2 G)!/? 5)
= (17.2-30.1)(B,/10'2 G)!'2 yr . (26)

Here we have used equation (21). Again, the observed value of
Q) imposes a serious constraint on 7., namely,

Q I
7, S ”llﬁll <S‘>134yr, 27
ch

where I (=1, + I, ) depends on the crustal superfluid and
the charged component of the star. For various EOSs the
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I, /14 ~ (2.5-10) satisfy the observed constraint of equation
(19). However, this suggests that the core magnetic field is
larger than the surface magnetic field by a factor of 300!

According to the recycled pulsar scenario (Alpar et al. 1982;
Backus, Taylor, & Damashek 1982), PSR 1620—26 would
accrete 0.02 M, over a timescale of 107 yr for a moderately stiff
EOS star. This amount of material may cover most of the
stellar magnetic field. The means density of this accretion
material layer is given by

{py ~3 x 10'*Rg29rs6M, gem ™2, (28)

where dr5 is the thickness of the layer units of 10° cm and 6M
is the accretion mass in units of 0.02 M. The corresponding
conductivity for this layer (Flower & Itoh 1976, 1981) is
approximately ¢ ~ 102 s™1, The diffusion time for the mag-
netic field to pass through this layer is approximately

Tp ~ 4n(dr)?a/c? ~ 3 x 108 yr, 29)

which is longer than the spin-down age and the accretion time-
scales. Another possible reason is the following: The surface
magnetic field is actually 10'2 G but confined in a much
smaller region ~10° (3 x 10°/10*%)'3 cm, or ~10° cm,
because we can only infer the magnetic moment by the spin-
down rate. According to the plate tectonic models (Ruderman
1991a, b, c), the magnetic moment of a pulsar will be dimin-
ished as a result of crustal plate motion. Both scenarios suggest
that the core magnetic field can actually be higher than the
deduced “surface ” magnetic field.

) OF MILLISECOND PULSAR 1620—26 737

5. DISCUSSION

We have shown that the unusually large € of the millisecond
pulsar 1620— 26 may result from the internal torque produced
by the interior superfluid as a result of a glitch. If the response
to the glitch comes from the crustal superfluid, then £} must be
larger than the present observed value, which needs to be con-
firmed by further observation. On the other hand, the Q of
PSR 1620—26 may provide information about the core, espe-
cially, the strength of the core magnetic field and the internal
temperature. Although the inferred core field is 300 times
stronger than the surface magnetic field inferred by assuming
the dipole moment occupies the whole star, there are at least
two possible scenarios which can resolve the apparent discrep-
ancy. This also provides a possible explanation for the two
classes of magnetic field for the canonical pulsars and milli-
second pulsars. If our model is correct, PSR 1620 —26 would
be a relatively strong soft X-ray emitter (Fig. 3). Such thermal
X-rays may be detectable on Earth.

Finally, we want to point out that the exact value of Q is
very uncertain because the residual of the timing data after
fitting a polynomial up to the second derivative of Q is too
small. The reported best-fit value of & can only be regarded as
an estimated upper limit.

This work was partly supported by the UPGC grant of
Hong Kong.
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