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ABSTRACT

The implications of the recently discovered x-ray pulsar within the SNR 0540-69.3 in the Large
Magellanic Cloud is investigated. It is suggested that the SNR is a shell-plerion combination.

THE x-ray pulsar recently discovered by Seward et
al' appears to be the fourth case of a pulsar
supernova remnant (SNR) association, being close to
or within SNR 03540-69.3 in the Large Magellanic
Cloud (L mcC). This SNR has been extensively studied in
Radio?, Optical** and X-ray*> and appears to be
similar to the Crab Nebula. In fact, as we shall outline
below, the case appeared to be so convincing that the
presence of a pulsar at the centre of the SNR was
already conjectured before its discovery®. We briefly
review below some of the salient features of SNR 0540-
69.3.

A radio map at 843 MHz has recently been published
by Mills et al®. Though this is the highest resolution
map available, it 1s still not adequate to resolve the
structure within. However, Mills et al* suggest that this
is a centrally filled remnant simtlar to the Crab. The
linear diameter has been estimated to be 9 pc, and the
integrated flux density is 1055 mJy?. The radio spectral
index ag = =~ 043, similar to that of most SNRs.

Mathewson et al* have mapped this remnant using
the HRI on hoard the Einstein Observatory. The map
clearly shows that the x.ray emission 1s centrally
condensed and roughly 3 pc in diameter. The x-ray
luminosity in the 0.15—4.5 KeV band is ~ 1.2 x 10°’
erg s~ !. However, as Mathewson et al* have com-
mented, a significant fraction of this may be from a
central (but unresolved) point source. The x-ray spec-
trum has been measured by Clark et al® and they find
that it is best fit by a power law of index o, = — 0.8,
which strongly suggests that the x-ray emission 1s non-
thermal. While pointing out that a featureless spec-
trum could in principle be produced by a hot plasma at
4 x 107 K, Clark et al®, however, favoured a syn-
chrotron origin for the observed x-rays. The discovery
of the pulsar appears to clinch the latter interpretation
and lend support to the conjecture that SNR 0540-69.3
1s another Plerion, like the Crab Nebula,

IS SNR 0540-69.3 ANOTHER “CRAB NEBULA™

Let us now examine this possibility more carefully.
The observed period of pulsar (P = 50.2 ms) and its
period derivative [P = (484+0.02)x 10" *?ss™ ']
suggests a characteristic age P/2P of 1640 years. The
derived surface magnetic field of 4.9 x 10'? Gauss is
very close to that of the Crab Pulsar (3.6 x 10'? Gauss).
The radio remnant of 9 pcin size is roughly consistent
with the radio size of the Crab Nebula®, given their
respective ages. The sizes of the synchrotron x-ray
nebula is in rough agreement with that surrounding
the Crab Pulsar® again given the ratio of their
characteristic ages. It now remains to show that the
observed x-ray and radio luminosities of 0540-65.3
agree with what one would expect. We first turn our
attention to the x-ray nebula.

it is generally believed’® that the relativistic par-
ticles emitted by the pulsar and the magnetic field
frozen into this wind are contained by filamentary shell
in the Crab Nebula, which is expanding at
1700 km s~ . Very convincing arguments have been
made that the filaments in the Crab Nebula have been
accelerated to their present velocity by the pressure of
the Pulsar bubble. In fact, it 1s through such detailed
arguments that it has been possible to deduce an
initial period (P, = 16 ms) for the Crab Pulsar’°. In
what follows we shall adopt the point of view that
long-lived plerions like the Crab and Vela X are
produced only when the cavity boundary is expanding
rather slowly compared to a typical supernova blast
wave, and that the velocity was imparted by the central
pulsar over the initial characteristic slowdown time 1
= P,;,/ZI?’D. More precisely, the expansion velocity is
determined by the relation

1

1
EMH"Z ~ S ERY Bt =5l (1)

Fogd |



314

here M is the mass ¢jected, I the moment of inertia of
the puisar, wy = 2n/P, and E™ the initial stored
rotational energy. If the age 0f 0540-69.3 is equal to the
characteristic age of the pulsar, the observed radio size
implies an average expansion velocity ~ 2700 km s~}
for the ncbular boundary. Assuming the mass ac-
celerated by the pulsar is similar to the mass in the
filaments of the Crab, we deduce for the initial period
of the x-ray pulsar P, =~ 10 ms. One can now estimate
the spectral luminosity of the nebula in the x-ray region
using the formalism developed by Pacini and Salvati’
(PS):

Slagf*r—whl P%{:-I}US{Z—?)M tgz—u—p)_ (2)

(For convenience we have recast the formula derived in
PS to explicitly display the parameters of the pulsar). In
the above equation

B, = surface magnetic field of the pulsar,

P, == the 1nitial period of the pulsar,

v = the expansion velocity of the nebula, and
t = the age of the nebula.

y and x have the same meaning as in Ps, namely, the
spectral index of the injected particles (y = 1.6 for the
Crab) and the slowdown index for the pulsar respect-
ively. In the standard model of pulsars @ = 2. Egn {2)
can be normalised to the spectral luminosity from the

Crab Nebula. This yields Sy o502 03 S, o, OF for
the x-ray luminosity in the 0.154.5KeV band L, =~
0.7x 10°7ergs™! (We have used a value of 2.3
x 10°7 ergs™* for the x-ray luminosity of the Crab
Nebula®). This estimate of the x-ray luminosity is
consistent within a factor of two of the observed
luminosity from 0540-69.3. Since we do not yet have a
number for the pulsed x-ray luminosity one cannot
make a2 more detailed comparison. To summarise, the
observed nebular x-ray luminosity is in good agree-
ment with what one would expect from a nebula
produced by a central pulsar whose initial period was
~ 10 ms and whose surface magnetic field is 4.9 x 10*2
Gauss.

We now turn to an estimate of the expected radio
luminosity from the pulsar bubble. Once again, we use
the appropriate formulae derived in ps”. The expres-
ston for the spectral luminosity in the radio region
reads as follows.

SREIB;B-SWZP%H—IIu-3{1+r}f4t—*z-f‘ (3}
Again normalizing it to the Crab, one would predict
S o540 = 0045 R, Crab"

The observed flux, however, implies a Radio lumi-
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nosity ~ 757, that of Crab Nebula, grossly discrepant
with the above estimate.

One of the first assumptions that has gone into the
above estimates, and which may now be questioned, is
that the expansion velocity is tied to the initial period
of the pulsar and, that the mass e¢jected is the same in
both the cases, 0540-69.3 and the Crab Nebula. The
inferred expansion velocity of ~ 2700 km s~ ! could be
consistent with a much shorter initial period than

10ms provided the mass ejected is much larger than
in the Crab. We see from (3) that keeping all other

parameters the same, a shorter initial period would
lead to a larger radio luminosity (assuming, of course,
y < 2 as in the Crab Nebula). We now estimate the
expected radio spectral luminosity by assuming that
the newly born pulsar was spinning maximally. It has
been argued that the rotation period of a canonical
neutron star cannot be much less than 1.5 ms!®11,
Using this value, one finds the expected flux at
843 MHzcan at most be ~ 26 % of the observed value.,
Thus, one is forced to the conclusion that the observed
radio flux is far in excess of what one would expect
from a plerion of the observed size and 1600 years of

age.

A MODEL FOR SNR 0540-69.3

Faced with the above difliculty we wish to suggest
that the SNR under consideration is, in fact, a shell
remnant with a central nebula produced and main-
tained by an active puisar. One can estimate the flux
from a shell 9 pe in diameter by using 2-D relation for
radio SNRs in LMC?, Within the uncertainties of the -
D relation, we find that the expected flux from the shell
could account for almost all of the radio emission
observed from 0540-69.3—the central plerion con-
tributing only a few percent to the observed flux. An
attractive feature of the above suggestion pertains to
the observed radio spectral index®. The value of o, =
- 0.43 fits in much better with a typical shell rather
than a plerion which usually has a very flat spectrum
(2g = —0.26 for the Craband a, = — 0.08 for Vela X).

A natural question that would arise is the following,
If one is going to postulate a radio shell which is
unresolved, why is there no attendant x-ray shell which
could surely be resolved by the HRI? This can easily be
understood with the use of the X-ray X-D relation for
SNRs in tMc? One expects a surface brightness
Ly~ 78x107%ergecm %57 ' sr™! for a shell of dia-
meter 9 pc. But the average surface brightness of the
observed centrally condensed (D ~ 3 pc) x-ray nebula

is Z, =012ergecm ?s 'sr™). Thus the expected
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surface brightness of the x-ray shell is ~ 1/150 of that
of the plerion, and hence will not be pronounced in the
HRI image.

We conclude, therefore, that SNR 0540-69.3 is a
shell-plerion combination like MSH 15-5212. 13,

THE CURIOUS OPTICAL RING

Mathewson et al>* have observed a pronounced
oxygen rich annulus of mean diameter ~ 1.6 pc, which
must also be explamed. It 1s tempting to suggest that
this is, in fact, the boundary of the pulsar bubble.
However, 1t would be very difficuit to reconcile such an
interpretation with the fact that the x-ray nebula is
almost twice the size of the annulus. It is, therefore,
attractive to think of the following alternative, namely
that the progenitor of the pulsar was a massive star and
that mass ejection occurred in two stages. There could
have been a standard shock wave which accelerated the
mantle of the star to high velocity (~ 10* km s~ ) and
some of the uncollapsed core material was later pushed
out and accelerated by the pressure of the pulsar
bubble'#**, In this picture, the very extended and
symmetrically placed radio emission ~ 50 pc in dia-
meter seen in the map of Mills et al* could also be
accommodated as due to the fast-moving material
(velocity ~ 15,000 km s™*1). The inner “shell” of 9 pc
diameter would then represent the core material swept
up by the expanding pulsar bubble. This would
naturally be rich in heavy elements such as oxygen. If in
the process of being accelerated by the pressure of a
relativistic fluid it breaks up into filaments*®, then one
may expect to find them at all distances from the pulsar
like in the Crab Nebula!?. Mathewson et al* have in
fact pointed to an [OIll] emitting filament at a
distance of ~ 5 pc from the centre and speculated that
this may be associated with the SNR. This would fit in
nicely with our picture. But if the material 1s dis-
tributed throughout the nebula, then the observed
optical annulus of diameter ~ 1.6 pc could only be due
to enhanced excitation at this radius, for example by a
standing shock located there. A natural explanation
for a standing shock inside a pulsar bubble was
suggested a long time ago®. There will be a shock
located at a radius where the ram pressure of the
refativistic wind from the pulsar equals the built up
ambient pressure in the bubble. In fact, Rees and
Gunn® associated the wisps in the Crab Nebula with
such a shock front. A simple estimate of the shock

radrius R, gives
2& 1/2
-Ru = Rm:h( “*b) (4)

C

where R, 1s the radius and Rmb is the expansion
velocity of the nebular boundary. (This formula differs
from the one given by Rees and Gunn by a factor of

ﬁ because we have taken into account the severe
radiation losses by the high energy particles and
consequently a reduction in their contribution to the
ambient pressure, which now derives mainly from the
built up magnetic field). Using R, ~4.5pcand R,
~ 2700 km s~ ! we estimate a diameter of ~ 1.2 pc for
this standing shock. Thus the observed size of the
optical annulus is consistent with the presence of an
enhanced excitation ring located at R,. This feature
must in fact be filamentary, as otherwise the relativistic
particles could not have propagated beyond it. A high
resolution optical image could test this prediction. One
would naturally ask if there is a corresponding feature
in the Crab Nebula. In the recently published photo-
graph of the Crab Nebula taken in [ OIII] emission by
Gull and Fesen!®, for example, it is difficult to discern
any such feature, It would be worthwhile to look for it
In a short exposure image.

SUMMARY AND CONCLUSIONS

1. It 1s our view that SNR 0540-69.3 is a shell-
plerion combination like MSH 15-52 and possibly
G326.3—1.8'%1315% The plerion contributes only a
few percent of the radio emission but dominates the x-
ray emission. Future high resolution observations of
the polarization pattern as well as spectral index
variation over the SNR should confirm or contradict
our hypothesis. But if confirmed, it would still leave the
ihteresting question as to why there is not a similar
shell at the boundary of the Crab Nebula.

2. Given the above scenario the radio and x-ray
observations are consistent with an initial period of
10 ms for the recently discovered pulsar. The initial
period has been derived assuming a similar amount of
mass ¢jected as in the Crab and an expansion velocity
of 2700 km s~ * (as suggested by the radio size and the
characteristic age).

3. Although nearly 200 SNRs are known (in the
Galaxy and the Magellanic Clouds put together)
objects like the Crab Nebula remain extremely rare,
The most remarkable thing about the Crab Nebula is
its very low expansion velocity compared to the
observed and inferred velocities of the ejecta in most
supernovae. The plerionic component of 0540-69.3,
though weak in radio emission compared to the shell
we have postulated, is still a fairly bright nebula. It is
interesting to note that the average expansion velocity
in this case is also small. This lends support to the
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possibility that long-lived plerions are produced only
In those rare cases when the ejecta expands relatively
slowly. This, of course, raises the fundamental question
as to what governs the expansion speed. A discussion of
this question, the lifetime of Pulsar-produced nebulae,
and their birthrates will be published by us
elsewhere®®.

ACKNOWLEDGEMENTS

We wish to thank V. Radhakrishnan, R.
Nityananda and K. S. Dwarakanath for discussions
and critical comments on the manuscript. DB ac-
knowledges financial support by the National Council
of Educational Research and Training, New Dethi and
thanks the Raman Research Institute for extending
research facilities.

17 April 1984

1. Seward, F. D., Harnden, F. R. and Helfand, D,, Int.
Astron. Union Circular, No, 3628, March 13, 1984,

2. Mils, B. Y, Turtle, A. J, Little, A. G. and Durdin,
J. M., submitted to Austr. J. Phys., 1983,

3. Mathewson, D. S, Dopita, M. A., Tuchy, I. R. and
Ford, V. L., Astrophys. J. Lest., 1980, 242, L73.

4. Mathewson, D. 5, Yord, V. L, Dopita, M. A,
Tuohy, I. R, Long, K. S. and Helfand, D. J,
Astrophys. J. Suppl. Ser., 1983, 51, 345.

5.Clark, D. H, Tuohy, I R, Long, K. S,
Szymkowiak, A. E., Dopita, M. A., Mathewson, D.
S.and Culhane, J. L., Asirophys. J., 1982, 255, 440.

6. Becker, R. H. and Helfand, D. J., Astrophys. J.,

1982, 25§, 557.

7. Pacim, F. and Salvati M., Astrophys. J., 1973, 186,
249.

8. Rees, M.J.and Gunn_ J.E., Mon. Not. R. Astr.Soc.,,
1974, 167, 1.

9. Trimble, V. L. and Rees, M. J,, Astrophys. Lett.,
1970, §, 93

10. Papaloizou,J. and Pringle,]. E., Mon. Not. R. Astr.
Soc., 1978, 184, 50].

11. Henrichs, H. F. and van den Heuvel, E. P. J,
Nature {London), 1983, 303, 213.

12. Seward, F. D, Harnden, F, R, Murdin, P. and
Clark, D. H,, Astrophys. J., 1983, 267, 698,

13. Sninivasan, G., Dwarakanath, K. S. and
Radhakrishnan, V., Curr. Sci., 1982, 51, 596.

14. Chevalier, R. A, In: Supernovae, (ed) D. N.
Schramm, (Dordrecht: Reidel), 1977.

15. Reynolds, S. P. and Chevalier, R, A., Astrophys. J.,
1984, 278, 630.

16. Bandiera, R., Pacimi, F. and Salvati, M., Astron.
Astrophys., 1983, 126, 7.

17. Trnumble, V., In: IAU Symposium No. 46, The Crab
Nebula, (eds) R. D. Davies and F. G. Smith,
(Dordrecht; Retdel), 1970.

18. Gull, T. R. and Fesen, R. A., Astrophys. J. Lett,,
1982, 260, 1.75.

19. Weiler, K. W, In: TAU Symposium No. 101,
Supernova remnants and their X-ray Emission,
{(eds) P. Gorenstein and 1. J. Danziger, (Dordrecht:
Reidel), 1983.

20. Srinivasan, (., Dwarakanath, K. S. and

Bhattacharya, D., (in preparation).

ANNOUNCEMENT

NATIONAL SEMINAR ON TEACHING METHODS AND TECHNOLOGIES IN TEACHING OF
SCIENCES

The National Seminar on Teaching Methods and
Technologies in Teaching of Sciences, sponsored by
Government of India, Department of Science and
Technology, New Delhi, will be held during 24-29
May 1984, at Dehra Dun.

The main themes of the Seminar are: (a) Conven-
tional Methods and Techniques of science teaching,
(b) Modern approaches, methods and technologies of

learning sciences, (¢) Role of science teacher in India,
(d) Status, trends and advances in researches in
science teaching area, and (¢) Evaluation of con-
temporary teaching methods and technologies of
science teaching.

Further particulars may be had from: Dr S, P.
Kulshrestha, Director, Department of Teaching,
D.AY. (P.G) College Dehra Dun 248 001.




