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observation, and the phase plots of the secondary observations
are consistent with that distribution in both phase and width.
The x? value for the light curve in Fig. 1 is 127 for 19 degrees
of freedom, giving a formal probability of chance occurrence
of less than 107'7. The H-test'’, an unbinned statistical method,
gives a value of 98, which indicates that the formal probability
(0. C. DelJager, personal communication) of this being a random
distribution is 107"7. Below 500 MeV, the pulsed radiation is
harder to recognize above the diffuse galactic radiation, and no
pulsed emission is visible below 100 MeV. No statistically sig-
nificant time structure is seen within the envelope of the pulse,
although the shape suggests two wide pulses separated by 0.2
in phase. This pulse shape is markedly different from those of
the Crab, Vela and Geminga y-ray pulsars, all of which show
two narrow peaks with a separation of 0.4-0.5 period. Figure 1
also shows the arrival time of the radio pulse, which occurs
0.22+0.02 phase before the leading edge of the y-ray pulse.
This is a larger offset than seen for Vela, where the radio pulse
leads the peak of the first y-ray pulse by 0.126 +0.006 phase'®.

Figure 2 shows a preliminary energy spectrum of the pulsed
v-radiation above 100 MeV, based on the primary observation
in July 1991. Pulsed emission is seen to at least 5,000 MeV. The
spectrum during this fraction 0.35 of the pulse period can be
fitted with a power law

dN/dE,=(8.93%0.76) x 10 '°(E,/622.4) ! 72+008
photonscm ?s™' MeV™' (1)

with E in MeV.

The energy scale factor, 622.4 MeV, is chosen so that the
statistical errors in the power law index and the overall normaliz-
ation are uncorrelated. This spectrum is considerably flatter than
the pulsed spectrum seen from the Crab (ref. 19; and P.L.N. et
al, manuscript in preparation), which has a spectral index
=—2.0. The pulsed emission from Vela, although time-variable,
has been seen to have a flat spectrum similar to that of PSR1706 —
44 during some observations (ref. 20; and G.K. et al.,, manuscript
in preparation).

The time-averaged spectrum has the same form as equation
(1), but with a normalization of (3.12+0.27) x 10'°. The time-
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FIG. 2 Energy spectrum of PSR1706 — 44 during the pulsed phase (0.55-0.90
from Fig. 1). The error bars shown are statistical only.
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averaged flux of PSR1706 —44 above 100 MeV is (1.0+£0.3) x
107° photons cm™2s™!, where the quoted uncertainty includes
both the statistics and an uncertainty from the spectral fitting.
Between 100 and 5,000 MeV, the energy flux is (8.2£2.5)x
107" erg cm™?s™'. For a distance of 1.5 kpc and beaming into
3.4 steradian (an assumed value based on the pulse width), this
represents 6.1x10* ergs™' or about 1.8% of the spin-down
energy loss of 3.4x 10 erg s™', comparable to that seen in the
Vela pulsar for similar assumptions®. Except for the shape of
the light curve, therefore, the observed features of PSR1706 —44
strongly resemble those of the Vela pulsar.

Gamma-ray emission from fast pulsars can be interpreted as
radiation (curvature radiation, inverse Compton scattering or
synchrotron radiation) from particles accelerated in the pulsar
magnetosphere, either near the surface?' or in vacuum gaps in
the outer magnetosphere?’. The broad pulse seen for PSR1706 —
44 implies that the geometry of the spin axis and magnetic axis
relative to the direction of the observer differs from that for the
Crab, Vela or Geminga. Future observations may reveal timing
structure within the PSR1706 — 44 pulse which will clarify the
geometry. The phase diagram does not preclude the possibility
of a double-pulse structure with a narrower separation than
those seen for the Crab and Vela y-ray pulsars. O
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neutron star interiors
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PULSAR rotation rates generally decrease steadily owing to exter-
nal electromagnetic braking torques, but occasionally show sudden
increases (‘glitches’) followed by gradual recoveries that may last
days or years. These events are thought to be consequences of
angular momentum transfer between a solid crust, which rotates
at the measured pulsar periodicity, and a more rapidly rotating
‘loose’ component of the neutron star interior. Sudden braking of
the differential rotation between the two components will cause a
glitch', and the subsequent re-establishment of rotational equili-
brium between the two components represents the recovery’. Earlier
studies, using particular models for the coupling between crust
and interior, showed that the loose component carries ~2.8%
and =1% of the total moment of inertia of the Vela pulsar® and
PSR 1737 —30 (ref. 4) respectively. Here, we analyse post-glitch
recovery in four pulsars, and deduce that the loose component
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carries at least 0.8% of the total moment of inertia, independent
of the form of the coupling. In the context of the ‘vortex creep’
model of recovery, in which the loose component is the inner-crust
neutron superfluid>*~’, the constraint on the moment of inertia
rules out equations of state that are soft at high densities.

Typical pulsar spin behaviour across a glitch is illustrated in
Fig. 1. In the absence of glitches or other violent changes, the
decelerations of the crust (1) =d€Q.(1)/dt and the loose com-
ponent both approach an asymptotic rate Q.(t). In principle,
the loose component can rotate differentially, in which case its
angular velocity Q,(,r) is a function of position. The loose
component slows because of drag by the crust, and hence
Q, (1, r)=Q(1). When there is no glitch activity, all of the loose
component slows and transfers angular momentum to the crust,
s0 Q,(t,r)<0 and j,EJQ,(I, r) dI; =0, where J, is the angular
momentum of the loose component and [, its moment of inertia.
During a glitch at time t, (see Fig. 1), the crust increases its
angular velocity by an amount AQ_, and then decelerates more
rapidly than before the glitch. After time t,, the recovery time,
the crust’s rotation rate falls below its value before the glitch:
Q.(>1,) <Q(<t,). When t,<t <1, the crust spins faster than
before the glitch, and possibly spins faster than some of the
loose component. During this interval, the crust may impart
angular momentum to the loose component. After ¢,, however,
the crust must once again have a lower angular velocity than
all of the loose component so that its angular momentum is
decreasing: J,(>1,) <0.

We define I = I_+ I, to be the total effective moment of inertia
of the star, where I_ is the moment of inertia of the solid crust
plus any parts of the star tightly coupled to it. From angular
momentum conservation,

LQ(D)+ (1) = New (1)

where the external torque is N,,,= —1I[{2.(t)|. Because J, <0
for t>t, (but before the next glitch) we have

LIQ.(> 1)< Q. (> 1) (2)

Although Q. (t) is not directly observable, it can be compared
to the crust spin-down rate. We first note that the external torque
decreases as the pulsar evolves so that |Q.(>1,)] <|Q.(<1,)],
although the difference is extremely small. Second, because
Q.(t) approaches Q,(¢t) before the glitch, we have ]Qm(<t )<
€. (<t,)], as can be seen from Fig. 1. With these two inequali-
ties and I.=1-1;, equation (2) becomes (I-— NNl <
11©2.(<t,)], and hence

Il Qc(> tr)

7>1_Qc(<tg) 3)

A lower limit on I, can be obtained for any time after ¢, and
before the next glitch, but the strongest constraint is obtained
for times close to ¢, when |€1| is still relatively large. The lower
limit on [,/ I derived from equation (3) is less than the fractional
change in ). across the glitch, as some of the discontinuity in
the spin-down rate decays by ..

To account for uncertainties in glitch times, we use the follow-
ing procedure. We extrapolate the fit of {).(¢) for the pre-glitch
data to the time of the first post-glitch measurement at time 1, ;
we denote this quantity by €., (f}) (see Fig. 1). The correspond-
ing recovery time, 17, is found from Q.(¢;) = ex(t ). Because 1,
always exceeds 1., we use Q.(t) for Q.(>1) in equation (3).
For the quantity §) {<t,)} we evaluate Q.(1) at the time of the
last pre-glitch observatlon In practice ) A<t,) varies so slowly
that the precise time used is unimportant.

Table 1 shows lower limits on I,/I obtained from data on
selected glitches in PSRs 0531421 (Crab), 0833 —45 (Vela),
0355+ 54 and 0525 +21. We also tabulate the approximate glitch
date (which is =t}), the discontinuities in ), and (), across each
glitch (indicated w1th the subscript g), and the mterval L=t
In the cases of the Crab pulsar and PSR0525+ 21, recovery
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occurs so soon after the glitch (as reflected in the small values
for t;—¢;) that little of the initial discontinuity in (). decays,
and the hmlt on I, is I,/ 1= (A0, )o- In the Vela pulsar, on
the other hand, much of the dlscontmulty in Q_ decays before
ti. The 1975 giant glitch of the Vela pulsar ylelds the most
stringent constraint on the moment of inertia of the loose com-
ponent: I,/ 1=0.0081.

What is the loose component likely to be? The most promising
candidate is the neutron superfluid in the inner crust. This region,
where nuclei coexist with a free neutron gas, extends from the
density of neutron drip 4.3x 10" gcm™, to the density of
nuclear matter, p, = 2.8 x 10" g cm™>. The angular velocity of a
superfluid is determined by the spatial arrangement of its vortex
lines. In regions of the inner crust, vortex interactions with
nuclei inhibit vortex motion so that the superfluid responds only
slowly to changes in the angular velocity of the crust®~’, and
the coupling between this portion of the superfiuid and the crust
is weak. By contrast, in the core, where superfluid neutrons
co-exist with superconducting protons, entrainment of protons
by the flowing neutrons induces magnetic moments about the
vortices. Electron scattering from magnetized vortices causes
the core superfluid to achieve corotation with the crust within
minutes after a glitch®. Over timescales typical of post-glitch
response, therefore, the solid crust and core behave essentially
as a single rigid body.

Hereafter we assume that the loose component is the inner-
crust superfluid, and write I,= I,. In principle, the loosely cou-
pled component could comprise all of the free neutrons of the
inner crust. Within current theoretical uncertainties, inner-crust
superfluidity may extend up to nuclear density’® p,, or may cease
to exist above densities as low as ~0.27 p, (ref. 10). To allow
for the possibility that only a fraction of the free neutrons of
the inner crust contributes to I, we treat the maximum density
to which superfluidity extends as a parameter p,,, .

In general, for a given mass, stellar models with softer
equations of state have thinner inner crusts with smaller
moments of inertia. In Fig. 2, we show the fractional moment
of inertia of the crustal superfluid as a function of neutron
star mass for selected maximum densities for superfluidity
(Pmax/ Po=1.0,0.7 and 0.5) and the following equdtlons of state:
BPS (Reid soft core nucleon potential and hyperons'!), P (Reid
potential and pure neutron matter'?), FP (two- and three-
nucleon interactions'?), BJ (Reid potential with short-range
repulsion and hyperons'*), CCLR (two-body Levinger-
Simrlréons potential'®) and PS (nucleon coupling to a mean scalar
field'®).
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FIG. 1 Schematic evolution of the crust angular velocity €}, through a glitch.
After a glitch at time t,, the pulsar recovers its pre-glitch rotation rate at
t,. The first post-glitch measurements (shown by the +) are at t} and the
corresponding recovery time is t/ . The dashed line represents the asymptotic
spin rate Q...
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TABLE 1 Glitch parameters

/20 Date
PSR (yr) (month/yr) Ref.
0531 +21 (Crab) 12K 2/75 21
8/86 22
0833 —45 (Vela) 11K 2/69 23
8/71 23
/75 23
7/78 23
10/81 23
24
8/82 23
24
7/85 24
12/88 25
0355 +54 06M 1/85 26
0525+21 15M 1/74 27

t—th

10%(A0/Q), 10%(A0/ ), (day) 10%4/1 >
38 0.25 0.04 0.25
0.92 0.25 0.008 0.23

234 1.0 19 0.63*

205 15 17 0.72
199 11 16 0.81
306 18 25 0.70
114 0.84 9 0.67
115 49 9 0.70
205 2.3 17 0.65
206 6.3 17 0.74
160 1.4 13 0.68
181 7.7 15 0.76
0.56 018 2.3 0.16
013 0.46 1.4 0.37

*1n using the fitting formulae of ref. 23, we used the pre-glitch Q. extrapolated to ty.

Observations suggest that neutron star masses are close to 1.4
solar masses (Mys). For example, the masses of PSR1913+16
and its companion (also believed to be a neutron star) are
1.442£0.003 M and 1.386+0.003 M, respectively'’. The BPS
equation of state is inconsistent with these observations as it
supports a maximum stable mass of only 1.414 M, which is
~2% lower than the measured mass of PSR1913 + 16.

In Fig. 2 our lower limit I,/ I = 0.0081 is shown. The model-
dependent estimate® of 1./I=0.028 is shown for comparison.
We see that for p,,../ po = 1.0, the model-independent constraint
on I is barely consistent with the Vela pulsar being a 1.4 Mg
neutron star with a soft equation of state (such as BPS), and
the model-dependent estimate excludes this possibility. For the
more plausible case of p,,../po = 0.7, soft equations of state are
ruled out for any reasonable mass of the Vela pulsar, whereas
a moderately stiff equation of state (such as FP) is consistent
with the model-dependent estimate. For superfluidity extending
to 0.5 p,, moderately stiff equations of state are allowed by the
model-independent constraint, although not by the model-
dependent estimate (BPS, P and FP all excluded).

More recent equations of state are stiffer than BPS and P,
and yield maximum neutron star masses of 1.8-2.2 M, (see for
example, ref. 18). Brown'® has argued, however, that the
equation of state may be much softer than generally thought,
and suggests that the maximum stable neutron star mass is near
1.5 M. Brown et al®® propose that the failure to observe a
pulsar in supernova 1987A indicates that the core collapsed to
form a black hole, as would be the case if the equation of state
were very soft. The theoretical situation is far from resolved,
but the method presented here, when applied to future timing
data, may help settle this issue. O
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