CHAPTER 8
| NFLUENCE F PULSARS ON SUPERNOVAE

In recent years there has been a great deal of effort to
understand in detail the observed light curves of type II
supernovae. In the standard approach, the observed "light
curve is to be understood in terns of an initial deposition of
thermal energy by the blast wave; and a nore gradual input of
thermal energy due to radioactive decay of iron-peak el ements
is invoked to explain the behaviour at later tines. The
consensus is that the light curves produced by these nodel s
are in satisfactory agreenent wth those observed.

In this chapter we discuss the characteristics of the
expected light curve, if in addition to the abovenentioned
sources of energy, there is a continued energy input from an
active central pulsar. W argue that in those rare cases when
the energy loss rate of the pulsar is conparable to the
Iuninosity of the supernova near [|ight nmaxi num the |I%ht
curve wi | [ be characterized by an extended pl at eau phase. he
essential reason for this "is that the pulsar lumnosity is
expected to decline over tinescales which are much |onger than
the tinescale of, say, radioactive decay. The |ight curve of
the recent supernova in the Large gellanic Qoud is
suggestive of continued energy input froman active pulsar. A
detection of strong WV X-ray and A-ray plerion after the
ejecta becones optically thin will be a clear evidence of the
pul sar havi ng powered the |ight curve.
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CHAPTER 8

| NFLUENCE OF PULSARS ON SUPERNOVAE

8.1 | NTRODUCTI ON

In the previous chapters we have di scussed the effect of
pul sars on the norphol ogy and evol ution of supernova remmants.
V¢ have al so discussed (in chapter ¢) the possible effect of a
rapidly spinning neutron star on the supernova expl osion
itself. Wat ever be the nechanism responsible for t he
explosion, if one accepts the hypothesis that a neutron star
is bornin every type II supernova, and that the najority of
them wll function as pulsars, then it is natural to ask
whet her the energy radiated by the pulsar wll have any
consequence on the observed properties of the supernova, for
exanple, the light curve. VW wishto nake sonme renarks on

this interesting question in this chapter.
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The rotational energy released by a pulsar can, in
principle, affect the surrounding supernova envel ope in two

ways.
A It may accelerate it and/or

B It may heat up the ejecta and nodify the |ight curve

Since the kinetic energy of the expanding envelope is
typically 105' ergs, the pulsar is likely to have a
significant dynamcal effect only if it is an ultrafast

pul sar, as we shall see in the next section.

The typical lumnosity of a supernova is as 1042 erg 5™
for the first ~100 days. Thus, unless the |lumnosity of the
pul sar is conparable to this it cannot be responsible for the
observed radiation. Assunming a standard nmagnetic field
nujifﬁgauss, this would inply a spin period (10 nilliseconds.
To recall our main conclusionfromchapters 2 and 3, such fast
pul sars nust be very rare. But in those rare cases one does
expect the energy input from the pulsar to nodify the

predi ctions of the standard nodel s of supernova light curves.

The next section summarizes the previous work on the
i nfl uence of pul sars on supernovae. |n section 8.3 we present
a slightly nodified picture of howthe energy rel eased by the
pulsar can influence the thernal energy of the supernova
envel ope. W also summarize the clear signatures of a
supernova with an active pulsar at the centre. The recent

supernova SN 1987A in the Large Magellanic doud is
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particularly interesting because of its very odd |ight curve.
In section 84 we specul ate on the possibility that a central
pulsar may, in fact, be responsible for the observed |ight

curve of this supernova.

8.2 EARLI ER WORK

The first paper to discuss the influence of pulsars on
supernova light curves was by Rees (1970). In his approach,
t he supernova expl osion was attributed to the initial shock
acconmpanied by the formation of a neutron star. He argued
that if the central pulsar was a mllisecond pul sar, then its
pulsed lumnosity (in the VWand X-rays) woul d be sufficient
to explain the plateau phase of a type II supernova; since
during this phase the envel ope is opaque, this energy wll be

absorbed by it and reradiated in the visible.

Gaffet (1977) has explored a variant of the above node
suggested by Rees, in which the energy input fromthe pul sar
isinthe formof |owfrequency magnetic dipole radiation,
rather than high frequency pul sed emssion. The light curve
predicted by this nodel, although in agreement wth the
observed light curves during the initial phase, is not

consistent with the late ti me behavi our.

Gstriker and Q@unn (1971) and |later Bodenheiner and
Gstriker (1974) wused the pressure of the nagnetic dipole
radiation fromthe pul sar to produce the explosion itself, and

also to heat up the envel ope. In order to do this, they
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invoked a very high lumnosity pulsar, L,v1044erg st

Although this is a very attractive nodel, two of its

predictions are inconsistent with observations:

1. Even with such a high pulsar lumnosity, the shock
takes a long tinme to devel op and consequently the |ight curve
evol ves very slowy, the nmaxinum being reached ~, 100 days

after the fornmati on of the pul sar.

2. For a considerable length of time after this, the
lumnosity of the supernova wll be equal to the spindown
lumnosity of the central pulsar. Thus the predicted
lumnosity during the pl ateau phase is two orders of magnitude

nore than what is observed in typical supernovae.

But an interesting feature of the light curve predicted
by this nodel is that the duration of the plateau phase w ||

be much longer than that expected fromthe standard nodel s.

8.3 AN ALTERNATI VE SUGGESTI ON

In this section, we shall elaborate on a slightly
different scenario than the one explored by Rees (1970). ne
knows that even in the case of the Oab pulsar, the energy
carried away by the high-frequency pul sed radiationis only a
smal | fraction of the total rotational energy lost by the
pulsar. In the nodel of the pul sar suggested by ol dreich and
Julian (1969), the rotational energy | ost goes into
accelerating a relativistic wind wth a frozen-in nmagnetic

field. The energy in the pulsed radiation is what these



Page 8-5

particles radiate wthin the speed-of-light cylinder of the
pul sar. The cavity surrounding the pulsar is thus filled with
this relativistic plasma and magnetic field. (ne therefore
expects these particles to emt synchrotron radiation. O, in
other words, there wll be a "mni plerion" surrounding the
pul sar. As has been argued by Pacini and Salvati (1973), in
this early phase the total lumnosity of the plerion will be
conparable to the spindown |[um nosity of the pulsar. Al so, as
in the case of the (ab nebula, one expects nmost of this

energy to be radiated as X-rays and ¥ -rays.

Wien the ejecta is thick for Conpton scattering, nost of
the very high energy photons will be degraded to X-ray
energies in the envel ope, thus depositing a fraction of their
ener gy. Ohce the energy of these photons fall bel ow
~ 100 Kev, they will be absorbed due to photoel ectric process.
Thus nost of the energy of these high energy photons will go
into heating the ejecta. This is in addition to the heating
due to the pul sed hi gh-frequency radiation fromthe pul sar as
envisaged by Rees (1970). This way alnost the .entire
rotational energy released by the pul sar can be used to heat
t he envel ope. The hot envelope wll have a tenperature
~104 K, and will radiate primarily in the optical region. In
a steady state, the bolonetric lumnosity of the envel ope w |l
roughly equal the pulsar output. This wll continue as |ong
as the Conpton scattering optical depth of the envelope is
much larger than unity (these effects have been di scussed in

detail in a recent paper by McCray et.al. (1987)).
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Predictions 0 Thi s Mdel

Sone clear predictions followfromthis scenario in which
an active central pulsar is the main source of energy for the

observed |light curve, particularly at late tines.

(1) One expects the pl ateau phase of the light curve to
be rather prol onged. As long as the optical depth of the
ejecta is sufficiently high, the lumnosity of the supernova
will be roughly equal to the lumnosity of the pul sar, and
hence it will remain essentially constant. This is to be
expected since the lumnosity of the pulsar will decline
appreciably only over its initial spindown timescale, whichis
expected to be nmuch longer than the tinescales for the plateau
phase predicted in the standard nodel (e.g. \Waver and VWwosl ey

1980).

(2) As the envel ope of the supernova expands, it wll
eventual | y becore optically thin and nore and nore hi gh energy
photons wi Il escape wi thout being reprocessed. At this stage
the lumnosity of the supernova envel ope will begin to drop
rapidly. This decline in optical emssion will be acconpani ed
by a riseinthe lumnosity at higher frequencies, since the
radi ation fromthe pul sar bubbl e woul d be directly observabl e.
An inportant characteristic of this high energy conti nuumwill
be its high degree of linear polarization. Wien the
phot oel ectric processes al so becomes | ess inportant, pol ari sed

\/\conti nuumw | | energe.
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(3) The pulsar bubble will also be a source of intense
radio em ssion. But free-free absorptionin the ejectais

likely to hide this radio emssion for nore than a decade.

As was nentioned in the previous chapter, non-thernal
radio emssion has been detected from several supernovae
within a few'nonths after the outburst. e of t he
suggestions that has been nade to explain this (Pacini and
Salvati 1981) is that the observed radio radiation is from a
mni-plerion; very early fragmentation of the ejectais a
prerequisite for this nodel. The pros and cons of this nodel
were also discussed in the previous chapter. Here we wish to
make one further remark. |If the ejecta has in fact fragmented
into filaments, then one should also be able to see the
pol ari zed non-thermal WV X-ray, and 7 -ray continuum But

this is not expected in the alternative nodel suggested by

Cheval i er (1982a).

8.4 THE RECENT SUPERNOVA | N THE LARCE MAGELLANIC CLOUD

This long-awai ted naked eye supernova (SN 1987A) s
remarkable in nany respects, notably inits light curve. In
figure 8.1 we have conpared the blue band light curve of SN
1987A (upto the time of witing) with that of a typical

SNI-P. The significant points of difference to be noted are

1. SN 1987A is quite sublumnous. |Its peak. brightness

is an order of magnitude less than that of a standard SNI.
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2 Inastandard SNII, the nmaxi mumlumnosity is reached
~15 days after the explosion, and begins to fade rapidy
after ~~60-90 days. In contrast, in the case of SN 19872 the
maxi mum lunmnosity was reached as |late as ~ 90 days after the
expl osi on. Further, although its lumnosity has started
declining, there are indications that the rate of decline has

decreased substantially (IAU circular no. 4412).

Since such a "flat-topped" light curve is precisely what
one expects in the scenario being discussed in this chapter,
it is tenpting to specul ate whether SN 1987A is bei ng powered

by a central pul sar.

ne of the things one can say with reasonabl e confidence
is that even if there is an active pul sar, the pressure of the
pul sar radiation could not have been responsible for this
super nova expl osi on. Because of the detection of neutrinos
fromthe gravitational collapse one knows that the ejecta
acquired a kinetic energy ~ 107" ergs within a couple of days,
if not withina fewhours, after the formation of a conpact
object. nly a pulsar with a period ~ 1 ns and an i npl ausi bl y
large magnetic field » 10“'gauss will be able to release
~10°! ergs within a couple of days. |If indeed there were
such a pulsar at the center then the lumnosity of the
super nova shoul d have been at |east a thousand tines nore than

t hat obser ved.
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Let us next turn to the light curve and ask whether it is
consi stent w th what one expects if there is a strong centra
pul sar. Indeed, as we shall nowargue, without a continuing
source of energy input into the envelope it is very difficult
to explain the observed light curve. It is nowfairly certain
that the progenitor of this supernova was the bl ue supergi ant
star Sandul eak 202-69° . Its presupernova size nust have been
~2 x 10'* cm Expansion fromsuch a small initial size woul d
result in a severe adiabatic loss of the initial thermal
energy deposited by the shock wave. The hi gh expansi on
velocity seen in SN 1987A, and its sublumnous nature, are
consistent with this. As nost of the initial energy is thus
| ost to expansion, the observed optical lumnosity of the
supernova could only have been naintained if there was a

continued input of thernal energy into the envel ope.

Wosl ey et.al. (1987) have suggested that the late time
energy input could be due to radioactive decay of unstable
nucl ei synthesized in the explosion. In our opinion, a
central pulsar would naturally account for this .energy
injection. This would require a pulsar with a spin period

~5m WwWth a standard nagnetic field ~ 5 x 10'%

gauss
(corresponding to the observed l|umnosity ~ 1042erg s~
Gven such a pulsar, it is interesting to ask howlong after
the explosion the effect of the pulsar wll be noticeable.
This will happen at a time t, when the total anmount of therna
energy deposited by the pulsar equals the thernmal energy

content of the envelope. due to initial shock heating. As
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remar ked above, even though the shock deposits A»lOS'ergs,

much of it is lost in adiabatic expansion. Thus
LPSR'tl =BGy = Einitial (R'*V‘“ﬁ"d/vt4)
where L,c, is the pulsar's spindown luminosity, Rj.ial

the radius of the progenitor and 2 the expansion velocity.

Fromthis one obtains y /
o V2  ~Y2 -\
tq ~ |2E5| Rz Laz Vo days

- 12 5\ _
where R\?_— Rivibial 7107 cm ; E5| * Ejnipa /10 erg;
B 4 _| _ _ _' . .
vy V107 kmsT 3 Ly, = Lo, /1042rg s . From this tine
onwards the light curve wll be determned by the pul sar

input. The fact that the supernova started brightening two
weeks after the outburst is consistent with this picture. A
detail ed expl anati on of the spectral evolution wll obviously
require sophisticated calculations of the radiation dynam cs
in the envel ope. On the other hand, as was nmentioned in the
previous section, this nodel nakes sone definite predictions

that can be verified by future observations.

(1) The optical lumnosity of the supernova should stay
roughly constant till the envel ope becomes optically thinto
Conpton scattering. McCray et.al. (1987) estinate this tine

ie 4 V2 -1 o
to be t2~:zst M61% nonths.  where MeJ is the
ejected mass in solar nasses and L is the netallicity of the

ej ecta.
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(2) Wen the optical 1luminosity begins to decline
steadily, the spectrum of the supernova should becone
progressively harder. The UV and X-radi ation shoul d easily be

detectable with the existing facilities.

(3) The radi o radi ati on nay be obscured for several years
unless the ejecta breaks up into filaments. A flux of
~1000 Jy at 1 GHz nay be expected if the ejecta becomes

optically thinwithin ~10 years.

If the above predictions are not borne out by future
observations then it would argue agai nst the suggesti on nmade
here, nanely that a central pulsar is an inportant source of

energy input at present.

8.5 SUMARY

As has been nentioned several times in previous chapters,
pulsars are believed to be born in type II supernova
expl osions. V¢ have argued in this chapter that if these
pul sars are fast rotators, and are al so endowed with -strong
magnetic fields, they can sighificantly influence the 1light
curves of supernovae. It is therefore surprising that
standard nodel s, which do not invoke the central pulsars, are
able to predict light curves which are in reasonabl e agr eemmet
wi th observations. |In our opinion, thisis again trying to
tell us that the majority of pulsars do not have very high
spindown |l umnosities even imrediately after their birth. But

in rare cases the initial lumnosity of the pul sar coul d be
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quite high, and the light curves of supernovae will have the
peculiarities discussed in detail in this chapter. It is
therefore worth paying particular attention to those
supernovae the |light curves of which donot fit into the

standard nodel s; for these may be the ones harbouring fast

pul sars.
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