CHAPTER 5

THE EVQLUTI ON OF THE MORPHOLOGY AND SURFACE BRI GHTNESS
CF SUPERNOVA REMNANTS WTH PULSARS | N THEM

Qne of the intriguing things about supernova remmants is that
there are three distinct types of them (a) plerions with no
linb brightening, (b) shells with hollowinteriors, (c) shells
with plerionic components at their centres. An interesting
question that has been raised in the literature is whether
these are remmants of different types of explosions, or
whet her they represent different stages of evol ution.

~ This chapter is devoted to a quantitative discussion of
this inportant question. The results of nodel cal cul ations of
the evolution of surface brightness and norphology are
presented. W show that the norphol ogy' of a supernova remant
wi || depend upon the vel ocity of expansion, the density of the
anbi ent nmediuminto which it is expanding, and the paraneters
of the central pulsar if it is present.
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CHAPTER 5

THE EVOLUTI ON OF THE MORPHOLOGY AND SURFACE BRIGHTNESS
OF SUPERNOVA REMNANTS W TH PULSARS | N THEM

51 | NTRODUCTI ON

In chapter 2 we di scussed the evol ution of the lumnosity
of pul sar-produced nebul ae (plerions). These nebul ae are
characterized by their centre-filled norphology (fig. 5.la),
as opposed to the shell-Ilike appearance of the majority of
supernova remnants (fig. 5.1b). A few SNRs also exhibit a
hybrid norphol ogy - a shell surrounding a plerion (fig. 5.1lc).
The em ssion froma plerionic rermant is believed to be due to
fast particles and nagnetic field produced by an active
central pulsar, as discussed in detail in chapter 2 It has
been argued that the radio emssion fromshell remants, on
the other hand, originates when material ejected in the
supernova explosion interacts wth the interstellar matter,
causing turbulence at the interface. This generates the
magnetic field and fast particles necessary for radi o em ssion
(aul'l 1973, 1975; Scott and Chevalier 1975; Cowsi k and Sarkar

1984).
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Map of total intensity at 27 GHz. The half-pourer beammidth(i 1" x 29" arc)
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Fig. 5.1 (a): The. Crab Nebula at 2.7 GHz - the prime example of a

Plerionic supernova remnant. (Reproduced from Wilson,

1972)
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Fig. 5.1 (b): A 4995 MHz map of the remnant of Tycho's supernova

(from Duin and Strom 1975). The zero intensity contour

is shown dotted. This is a typical shell SNR
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Fig. 5.1 (c): An example of a shell-plerion conmbination - the super-
nova remant G326.3-1.8 at 408 MHz. (From Clark et.

al. 1975).
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It has been suggested in the literature that type |
supernovae produce shell SNRs with hollowinteriors, since in
nost current nodels no stellar remmant is left behind. Chers
have argued that type II supernovae, which are presunably from
nassi ve progenitors, will produce plerions since a neutron
star is expected to be left behind (Shklovskii 1980; see al so
Véiler 1983, 1985 ). Such a distinction, however, is clearly
an oversinplification. Wile it is reasonable to suppose that
t hose supernovae which do not | eave behind pulsars wll not
produce plerionic nebul ae, the presence of a pul sar does not
guarantee that the remmant will have a plerionic appearance at
all times. The radio lumnosity of a plerion w |l decrease
with time, as discussed in chapter 2. As the remant expands,
however, it must sweep up interstellar matter and decel erate,
which will cause radio emssion to build up ina shell. The
overall appearance of a supernova remant wll therefore
depend on the relative surface brightness of the plerionic and
the shell conponents. If the plerionic conponent is much
brighter than the shell then we shall see a filled centre
rermant like the Gab nebula. The supernova remant NBH
15-52, a shell remant containing a pul sar, nay be an exanple
of the opposite kind, where the shell emssion is nuch

stronger than the plerion.
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The lumnosity of the plerionic conponent depends on

P> The initial rotation period and magnetic field of the
pul sar, and

p The velocity of expansion of the nebul a.

The lumnosity of the shell is determned by

P The energy of the expl osion,
P> The anount of matter ejected, and

p The density of the surrounding interstellar matter

In this chapter we shall study the evolution of both the
plerion and the shell conponents, and di scuss the question of
t he possi bl e change i n norphol ogy of supernova remants wth
age. A though it has, been suggested (Lozinskaya 1980) t hat
SNRs Wi Il have a filled centre norphology in their youth, but
gradual ly turn into holl owshells, this inportant question has
not received nuch quantitative attention. In sections 5.2 and
5.3 we descri be the procedure adopted to conpute the evol ution
of surface brightness of the plerion and the shell conponent
respectively. In section 54 we discuss our results. In
section 5.5 we present a nodel for the supernova remant
0540-69.3 in the Large Magel l anic d oud, in which a pul sar has

recently been di scovered.
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52 | NTERACTI ON OF PLERIONS W TH THE | NTERSTELLAR NMEDI UM

The evolution of the lumnosity of a freely expanding
plerion has been discussed in chapter 2 and appendi x 2,32,
However, a freely expanding plerionic nebula wll begin to
decel erat e when the nmass swept up fromthe interstellar nedi um
becomes conparable to the mass in the ejected material which
forms the boundary of the plerion. This change in velocity
wi ||l cause a change in the adiabatic |loss rate of particle and
field energy and will thus affect the umnosity evol ution of
the plerion. MNunerical nodels of plerions in decelerated
expansi on have been constructed by Reynolds and Chevalier
(1984) and Bandi era, Pacini and Salvati (1984). The latter
authors have incorporated the deceleration by attributing to
the boundary of the plerion an expansion velocity that keeps
the total kinetic energy of the ejected plus the swept up
matter independent of tine. That is, the velocity evolves in

such a way that

[Mej + %T"‘ PR3 (ﬂ] V() = constanmt -

wher e Mg} = total mass ejected in the supernova expl osi on

p -

R(t) and v(t) are the radius and expansion velocity of

nass density of the Interstellar matter, and

the plerion at tinme t respectively.
At early tines, when Mej >> 4_3'1_ RE(E)P , (5.1) gives a
free expansion phase: \V  =constant. Mich later, when

%— KB C{_) >3 M e_j . t hen t he sane expr essi on gl ves
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o4
R t , the expansion | aw appropriate for a Sedov bl ast
wave. V¢ shall use here a simlar nodel for nebul ar
expansi on. Let to be the tine when the swept up mass and .

the ejected mass are equal, i.e.
- . (5.2)
"1:’;]“ Rs(‘to) f - MeJ'
V¢ shall in the present case approxi nate the nebul ar expansi on

R=vt Lovr 't<‘t°

and o4

R'—'—Vt—o ({/to 'Poft)to'

as

(5.3)

A simlar approximation for R(t) was used by Wiler and
Panagia (1980) to examne the behaviour of the radio
lumnosity of a plerion in decelerated expansion. Thei r
treatment, however, was |imted because they considered the
evolution only of the very |owest energy particles which nay
not be relevant for emssion at the desired frequencies, and
al so because of the fact that they consi dered tb to be equal
tothe initial spindown tinescale of the pul sar - which is not

necessarily true

In an appendi x at the end of this chapter (Appendi x 5.A1)
we derive the time dependence of the nmagnetic field and
particle distribution of a plerion experiencing deceleration:
Ko(tn"’]<1 It is shown there that the particle spectrum
is divided into several energy ranges with different power-I|aw

i ndi ces.
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The spectral lumnosity at a given frequency » is then

obtained from the particle distributionand magnetic field

B(t) as foll ows: |

The energy E(w,t) of the particles radiating at
frequency » is given by
Yo
£ (1) = [/0B®)] (5.4)
where ¢, = 1.82 x 10‘8 Hz/gauss/erg®
The nunber of particlesN(E,t) in unit energy interval
around E(»,t) is then conputed from the appropriate

relation given in appendi x 5.Al.
'melumrmgtyLv(t)isthencmmMedfrmﬁ :

L, () = —gz" B®) E(v)t) N(E,t) (5.5)
2
wher e C - 2.37 x 10°3 gauss‘zerg_‘ st

The above relation results from the nonochromatic
approxi mation for the synchrotron radiation froma single

el ectron:
pA 2
The average surface brightness of the plerion can then be

obt ai ned from

Z, ()= Ly (®) /an*R*®)

where R(t) is the radius of the nebula at tine t.

*1n

the early phase of evolution the radio emssion will be

af fected by synchrotron sel f-absorption, and the value of L,

has

to be nodified accordingly. [n our nodel cal cul ations we

have taken this i nto account.
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5.3 THE SHELL COVPONENT

Let us nowturn our attention to the boundary of the
plerion, where the swept up matter is accunul ating resulting
in the decel eration di scussed above. This question has been
discussed by several authors in the context of the
decel eration of the supernova blast wave. 1In this section we
shal | summari ze the rel evant physics, as well as the procedure
to calculate the expected radio emssion from such a

decel erati ng boundary.

The relativistic electrons and magnetic field in the
postshock region of a shell supernova remant cannot be
attributed to the initial explosion alone since adiabatic
| osses would have reduced their energies far bel owthat
required to maintain the observed lumnosity. It is therefore
necessary to have continued acceleration of relativistic
particles and generation of magnetic field in this region.
Nurreri cal fluid dynamc nodel s studied by Qul | (1973), suggest
a pl ausi bl e nechanismfor the generation of strong nagnetic
fields and relativistic particles in the postshock region in
supernova remants. Hs simulations showed that t he
interaction between the interstellar medi umand the expandi ng
ejecta | eads to a convective instability in a narrow zone
behind the shock. About ~1% of the total energy of the
supernova remant goes into turbulence in this zone. These
turbulent cells can anplify pre-existing magnetic field by
twisting and tangling the field lines. Charged particles can

be accelerated by the Ferm process in this turbul ent region
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A rough equipartition may be reached between the energy
densities in turbulence, nagnetic field and relativistic
particles. This is sufficient to account for observed radio
lumnosity of supernova remmants. Detailed nodels of particle
accel eration in the convecti on zone were considered by Sarkar
(1982) leading to simlar conclusions. In what follows we
shal | al so adopt the sanme picture. In addition we shall nake
the reasonabl e assunption that relativistic particles fromthe
pul sar - produced nebul a do not penetrate into the shell region

Thus the devel opnent of the shell and the pl erion conponents

will be essentially independent.

Qll (1973) has presented in graphical form the
devel opnent of the magnetic field B, and the turbul ent energy
Eyp @S @ function of time wthin the convection zone
(fig. 52. These were calculated with the nodel paraneters:

Energy of the bl ast E, o= 105l ergs

33

Mass ej ect ed Me] = 10°° gm

Density of anbi ent nediumn,= 1 H Atom/cc.

To use these results in our nmodel s we adopt the follow ng

pr ocedur e. Wing the radius vs. time relationin Qll's

Me; N2 .
nodel s we express Eburs and B (;-’) as a function of nass
£ S'n

ratio = , defined as the ratid Sffsv\ept up mass to ejected
nass:

b o3

o 5 y{) = log x () (5.6)
€
where R(t) is the sNrR radius as a function of time and m, is

the proton nass." From the plots presented by Qill, we
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The evolution of magnetic field and the energy in random
motions in the turbulent zone of a supernova remant, as
presented by Gull (1373), The energy in turbulence is
given in units of the total blast energy. The results
are shown for different piston nmodels used by Cull. For
the sake of definiteness, we have used the results of piston

nmodel (c¢) in all our nodel calcul ations.
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’
obt ai ned the turbul ent energy and magnetic field as a function

of tine. Values of = at these times were then obtained
using his radius vs. time plots. Thus the turbulent energy
and the nagnetic field were expressed as functions of the mass
ratio. Accordingto the scaling relations in Qill's nodel,
the value of E,{urb at a given nass ratio is proportional to
the total energy E, . and the rragnet'/izc field at a given nass
ratio is proportional to ["Lm . Thus the dependence of
turbul ent energy and magnetic f?gfd as functions of the nass
rati o were expressed in the foll owi ng best-fit pol ynomal form
for convenient use:

log Etupt, = 109 Eppy =2:177+ 0. 637y - 0.025y? )

for 3<o.|5'
and (5.7)

2
log E+u~cb= |oa E+o+—2.||£++0.07(,~} _0.130g

for y 7045, y

log BS =—2.938 +0-527«d.+ 0-5\03 (Es| Ho/Mej>

for y<-0.4
amd (5.8)
Jog BS= —3.3!2 —o.qzma -o.|7313i+o.18533
016944 4 0.5 log (Esio/Mej) For y>-0:h.
In (5.8) ES, stands for Etot and MeJ' is in units of

sol ar masses.
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I n our nodels, we cal culate R(t) from (5.3), and then <<
and Y from (5.6). V¢ wite E; ot =JiMej v* , where , which
al so appears in equation (5.3), is the expansion velocity at
t=0. Using these val ues, we obtain the magnetic field B, and
particle energy content Uppy from 5.8 and (5.7)
respectivel y. Specifying a mninum energy E,., of the
particle distributionand an energy spectral index 4 >2, the

particle distributionis witten as
' -2 -

N (E,k) = (‘45‘2) Uva\ Em‘m E . (-9
Gven a frequency »y  of observation, the energy of the
radiating particles is found from (s.4), wth 8=3.., The
number of particlesMN(E) at this energy is then obtained from
(5.9) and using these values in (5.5 one obtains the
lumnosity of the shell conponent. The average surface
brightness of the shell over the projected bright ring of

emssion is then conputed from :
'/
L-.) (2—8) =

4R 8V (3-3048%)

where & is the thickness of the emtting region in units of

the radius of the shell. |In our nodel cal cul ati ons we have
used & =0.2
5.4 RESUTS

Qur results are summarized in figures 5.3 - 5.5 in which
we have shown the simultaneous evolution of the surface

bri ghtness of the plerion (solid 1lines) and the overlying
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Fig. 5.3: Evolution of radio surface brightness of the shell and the plerionic components of the Crab
nebula, assuming an anmbient density of 1H atom/cc. The plerionic conmponent is always much

brighter than the shell and hence this remant is not expected to evolve into a shell or a
combi nation SNR
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shell (broken 1ines), for different values of the pul sar

paraneters and the vel ocity of expansion.

Fig. 5.3 shows the evolution of the Gab nebula. The
initial velocity of expansion was assumed to be constant at
1700 km/s till deceleration sets in* . The nass in the ejecta
was assuned to be 1 . It is interesting to note from
fig. 5.3 that the shell conmponent in this case will never be
brighter than the plerion; the surface brightness of the
plerion exceeds that of the shell by about two orders of
magni tude. This clearly suggests that a plerionic remant
like the Oab nebula wll, at no stage of its evol ution,
appear to have a shell, or a conbination norphology. In

fig. 5.3 we have assurmed an anbi ent density of 1 atom/cc. A

| oner density wll reduce the shell surface brightness
further. The main reason for such a lowlumnosity of the
shell is the lowkinetic energy in Oab nebula s expansion

(~10"%ergs as opposed to ~10° ergs in "standard" SNRs).

Sone authors (e.g. Chevalier 1977) have suggested that there
may be a rapidly expanding shell at 3-4 times the present
radi us of the Grab nebul a which carries nost of the energy of
the outburst. However, no observational evidence of such a
shel|l exists. A reported detection (Murdin and O ark 1981) of
an He halo around the Orab nebul a has not been confirned.
Very stringent upper |limts have al so been obtained on the
radio enission (Velusamy 1985) and the X-ray em ssion (Mauche

and CGorenstein 1985) froma possible fast shell: around the

X Observations, In fact, showthat there was an accel eration
of the expansion as discussed in chapter 2



O ab nebul a.

Fig. 54 shows the evolution of a rapidly expanding
(V ~ 10000 km/s) shell remmant harboring different active
pul sars. W have chosen the nagnetic field of the pulsars to
be equal to that of the Gab pulsar, but their initial spin
periods to be 3, 16, and 100 ns respectively. The track
corresponding to the 16 ns pul sar represents the nebul a that
woul d be produced by the Oab pulsar if placed inside a
rapidly expanding cavity. Ve find fromthis figure that after
the shell emssion builds up, the average surface brightness
of the shell region reaches alnost the sane |evel as the
average surface brightness of the plerion. Both the shell and
the plerion conponents will thus be clearly discernible, and
the rermant will have a conbi nation norphology with a rather

strong plerion conponent *.

The plerionic nebula produced by a 3 ns pulsar in a
rapi dly expandi ng shell is very bright in the early phase, but

by the time the shell em ssion has built up, the lumnosity of
the plerion has declined considerably, such that its resultant
surface brightness is a factor of five below that of the

shel | . The reason for this is that in this case, though the

¥ The rather rapid decrease of the surface brightness of the
shell region at tinmes 7 3000 years is caused by extrapolation
of the polynomal relations (5.7) and <(5.8) giving the
magnetic field and the particle energ¥ content in the shel
region, and is therefore uncertain. he dotted |ine shows the
evolution of the surface brightness assumng the energy
content in field and particles to be independent of time after
build up. Wen the shell grows to a large size, the
conpressed interstellar mnmagnetic field behind the shock nay
al so becone i nportant gvan der Laan 1962), and change the
above evol utionary picture.
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The evolution of the surface brightness at 1 GHz of the plerionic and the shell conponents
of a supernova remmant expanding in a uniformnmediumof density 1H atom/cc. Pleri oni% conponent s
produced by pulsars with initial rotation periods 3, 16, and 100ms are shown. 10 ¢ B12 gauss
is the magentic field assumed for these pulsars. Mej is the ejected mass, M the expansion
velocity before deceleration, and no is the density of the anmbient medium The rapid decrease
of shell surface brightness at times > 3000 yr is an artifact of extrapolation of polynoni al

relations (5.7) and (5.8). The dotted line shows the evolution of the shell assuning the total

energy in field and particles to be independent of tinme after build-up.
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total energy released by the pulsar is large, nost of this
energy is deposited in the nebula in early stages when the
size of the cavity is rather snall. After that severe
adi abatic | osses reduce the energy content considerably. This
remant will look like a plerion for A)100 years and will then
have a conbination nmorphology with a very weak plerionic

conponent .

A ~ 100 ms pul sar produces a plerionic nebula which' is
never, very bright. For a brief period (~10 years) it does
have a plerionic appearance (at this stage, however, it wll
be a point source for nost radio telescopes) and later it
evolves into a shell remant. W thus see that both very sl ow
and very fast pulaars would produce rather faint plerions
which will not be weasily distinguishable from the shell,
whereas pulsars with an internediate period will produce a
brighter nebula. In the case of a very fast pulsar, the
plerion lumnosity decays too rapidly after the inital
spindown tinescal e, ’l’,°4 %/zé . The nebulae produced by
| ong- period pul sars never get very bright. The highest ratio
of plerion-to-shell surface brightness is obtained when’t;ity
i.e. when the initial spindown tinmescale roughly equals the
time when deceleration sets in. For a Crab-like pulsar, and
the mass, velocity and anbient density chosen for the above

model s, this condition is very nearly satisfied.
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lrmy be

While an expansion velocity of ~A10000 km s~
appropriate for the ejecta in a typical Type | explosion, the
expansion velocities in a typical Type II event are sonewhat
smal | er. W have, therefore, al so conputed the evol ution of
plerions and shells for a snall er expansion velocity of ~ 5000
km ', To keep the blast energy ~ 105|er gs, we have
increased the mass of the ejectato 4, in this case. The
results are presented infig. 55 for pulsars withinitial
periods of 3, 16 and 100 ns respectively. The nmagnetic field
is again chosen to be equal to that of the Gab pul sar,
(3.7 x 10'29auss). W find that the results are not
qualitatively different. Here the deceleration sets in
sonewhat later, and as a result, the nebula produced by a
Oab-like pulsar is weaker in the present case. The nmaxi num
pl erion-to-shell brightness ratio wll, in this case, be
obtained for a pul sar with somewhat |onger initial period than

the Orab pul sar.

Two Stage g ection

Reynolds and Chevalier (1984) have considered the
evolution of supernova remmants where the ejection of natter
takes place in two stages. Afast noving shell with ~10-15 M
contains nost of the blast energy. A fewsolar masses of
nmaterial is left near the core, expandingwith a very snall
velocity ~»300 km/s. The pul sar working at the centre creates
a bubble of relativistic material around itself, and the

pressure of this pulsar bubble eventual |y sweeps up this core
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material and accelerates it, nmuch in the sane manner as
described in apppendix 2.A1. The situation is sketched in
fig. 5.6. The final expansion velocity attained by the core
material, which also fornms the boundary of the plerion, is
usual | y much snaller than that of the outer shell. The fast
outer shell wll interact with the ambient nedium and
decelerate. The slowy expanding plerion at the interior,
however, w Il not imrediately feel this decelerationand wll
continue to expand freely. Sone tine later, the reverse shock
will nove infromthe outer regi ons and conpress the bubbl e,
raising its lumnosity and surface brightness. After this,
the pul sar bubble will expand as roc t°> and the outer shell
as rect®™ This picture is sonewhat nodel dependent, the
density distribution of the ejected natter being an inportant
factor. Al so, the details are difficult to treat
anal ytically. V¢ have, therefore, not attenpted to conpute
the consequences of this nodel in detail. As explained above,
in this nodel the expansion velocity of the plerion can be
qui te i ndependent of that of the shell, and in this sense this
nodel is somewhat |ess constrained than ours. Reynolds and
Cheval i er (1984) have presented the evolution of lumnosity
and surface brightness of several nodel remnants using this
picture. The plerions in this case wll be wusually nuch
brighter at a given time than those in the nodel we have
considered. As a result, this' nodel will predict that nost
supernova remmants produced this way will have a shell-plerion

conbi nat i on nor phol ogy.



Fig. 5.6:

Schematic representation of the structure of the supernova
ejecta in the case of two-stage ejection. (a) An illustra-
tion of the Core-Shell nodel. The fast shell receives

its kinetic energy fromthe initial blast wave. The slowy
noving core material is later swept up by the pul sar bubble.

{b) A larger viewof the core. (from Reynolds and Chevalier

1984)
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5.5 ROLE GF THE AMB BENT' MEDI LM

551 D fferent Conponents 0 The Interstellar Medium

I n the previous section we have treated the interstellar
matter as . a uniform medium of density ~1 atom/cc. In
reality, the interstellar nedium is far nore conplex and
consists of regions of different densities and tenperatures
co-existing in pressure equilibrium (Spitzer 1978). Small,
dense clouds are imrersed in a nore diffuse, partially ionised
substrate (fig. 5.7). Mich of the information about the
structure of the interstellar natter has energed fromthe
studies of the 21 cmline radiation of neutral hydrogen (e.q.
Radhakri shnan et.al. 1972). The tenperatures and densities of
the small (~a fewpc) clouds were found to be < 100 K and
~ 10 atom/cc respectively. The "warm diffuse gas was found
to have a tenperature ~ 8000 K, and a density ~ 0.2 atom/cc.
Mre recently, ultraviolet and X-ray observations of the
interstell ar medi umhave reveal ed the presence of a nedium of
much lower density and higher tenperature (Tw~ 106 K,
n~3.10 Satom/cc) (Rogerson et.al. 1973; Jenkins and Mel oy
1974; York 1974; recent reviewin Cow e and Songail a 1986).
This nmedium is referred to as the "coronal gas". The
existence of this gas had in fact been predicted by Spitzer
(1956) to explain the equilibriumof clouds at high galactic

| atit udes.
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McKee and Ostriker have constructed a conprehensive and
global picture of the interstellar medi umin which the Coronal
gas has a filling factor of ~ 70%. The rest of the volune is
occupi ed by cl ouds whi ch now have an onion skin structure in
whi ch the innernost regions are cold and neutral wth puffed
up envel opes warmneutral and warm partially ionized gas (see
fig. 5.8) There is no roomin their nmodel for the conventional
intercloud medium nentioned previously. But it is not clear
what the true extent of the Coronal gas is; doubts have in
fact been expressed about its global presence(see, e.g.
Cheval i er 1978; Heil es 1980).

Al t hough a conprehensi ve nodel which is consistent wth
all observations is not yet available, it seens reasonable to
suppose that in addition to the Coronal gas there must be
regions in the Gilaxy which are filled -by warm (T~ 8000 K)

dense (n, ~ 0.2 cm~3 ) gas.

The question of how supernova remmants would evolve in
the coronal gas is certainly an inportant one. The evol ution
of supernova remmants in a lowdensity nmedium can be quite
different fromthat in a uniform dense nedium - and this has
been long recognized (e.g. Lozinskaya 1979; H gdon and
Li ngenfelter 1980; Srinivasan and Dwarakanath 1982). Shel |
remants expanding in a lowdensity mediumw || turn on |ater,
and their peak lumnosities wll be smaller than those
evolving in a dense nedium This reduces their lifetine, and
changes their age and birthrate estimates. |In addition, if

such a remant harbours an active pul sar, the evolution of its
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Fig. 5.8 The McKee-Ostriker nodel for the Interstellar Medium

A schematic view of a typical cloud, enmbedded in the Coronal

gas, is shown. (Figure reproduced from Spitzer, 1982).
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Fig. 5.90 The evolution of the plerionic and the shell conmponents of supernova remnants expanding in

the Coronal gas. See caption of Fig. 5.4 for explanation of symbols. Evolution of the plerionic

conmponent is shown for three different initial spin periods of the central pulsars.
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norphology may also be quite different fromthat in a dense

medium We shall discuss this question bel ow

5.5.2 Evolution & S\R Mrphol ogy I n The Coronal Gas

To investigate the evolution of SNR norphology in
different conponents of the ISM we have conputed the
evol ution of the surface brightness of the plerion and that of
the shell conponent, with the external density set to
n~10_3atom/cc, a typical value for the Coronal gas. As in
the previous section, we examned three cases in each set -
initial rotation periods of 3 ns, 16 ns and 100 ns for
the driving pulsars. The surface dipole field of the pul sars
were assuned to be the same as that of the Oab pulsar,
~3.7x10' gauss. The ej ected nass and vel ocity of expansion
were fixed at 1Mg and 10000 km/s respectively. The results
are shown in fig. 59 It is clear that as the density is
reduced, the shell emssion takes longer time to build up, and
thus the nebul a has a plerionic appearance for a | onger tine.
Thus, in this case, nore SNRs are likely to have a plerionic

nor phol ogy than in the case of a denser nedi um

5.6 DO SAOBS N - THE MORPHOLOGY (F sNR 0540-69. 3

S\R 0540-69.3 in the Large Magel l anic AQoud is one of the
few known exanples of pul sar-SNR associ ations. This renmnant
presents an interesting puzzle regarding its norphol ogy. I'n
X-ray, wavelengths it |ooks |ike a typical plerion; so nuch so

that Aark et.al. (1982) predicted the presence of a pulsar in
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it based on its X-ray appearance, and it was found. n the
other hand, at radio frequencies, though the remant is not
fully resolved, its observed properties seemto suggest that
it is a shell S\R In this section we shall attenpt to
explain this apparent contradiction. Qur suggestionis that
the remmant is in fact a shell-plerion conbination, with the
plerionic conponent domnating in X-rays and the shell

conponent produci ng nost of the observed radi o radiation

The observed properties of this remmant are summarized in
table 51 As is seen fromthe table, the resol ution of the
radio map avail able is not adequate to decide its norphol ogy.
Therefore let us first explain why we expect the radi o remant
to be a shell. The first argunent cones from its spectra

index in radio and X-ray bands.

X-ray emssion fromyoung plerions is produced by high
energy particles which lose energy predomnantly by the
Synchrotron process. On the other hand, the [|ower energy
particles which produce radio emssion |ose energy prinarily
due to the expansion of the nebula. This latter kind of
particles, when accurulated in the nebul a, preserve the shape
of the power |awenergy distribution with which they were

i nj ect ed:

-
NCE)dE < £ dE .

But the energy exponent of the accunulated particle

distribution steepens by 1 at higher energies, where the



Tabl e 51 : The observed properties of SN\R 0540-69. 3

A The S\R

Radi 0
843 M observationw th the Ml ongl o Synthesis Tel escope(HPBW = 43") indicates
angul ar extent of ~30", i.e. alinear diameter -8 pc(flg ) {11,

Hux at 843 Mz : 106 Jy [1].

Radi 0 spectral index « 043 (I, « v=®r)[1].

R

X-rays

Ei nstein Chservatory HR nap clearly shows centrally condensed em ssi on.
Linear Dianeter .~ 3 pc(fig. 511) ([2]1.

Lumnosity in 0.154.5 KeV band : - 107 erg/s [2].
(25% of this comes fromthe pul sar [71).

X-ray spectrum: power |aw wth index *y= 08 [3].

Qpti cal

Strong[QI1] emssion most pronounced in an annulus of =2 pc in dianmeter (fig.

512.  The [0III] |ine shows velocity wdth =2000-3000 km/s. An [OIII]J-emitting

{Ihl ag'\elgt[);f pc anay fromthe centre of thisring is al so probably associated wth
e

Optical continuumhas been detected fromthe Synchrotron Nebula(fig. 5.13) [5].

B The Pul sar
PSR 0540-69. 3 was first found in X-rays and | ater detected in optical [6,7,8].

Spin period P - 50 mlliseconds [6,7].
Sowdown rate P - 4.7x10" % s s1[6,73.

i

The above values of P and P inply -
Surface nagnetic field B, - y.9x10 2 gauss, and

Spindown age t_, ~ 1600 years.

Ref er ences

(1] Mlls et. 4. (1984 (5] Chanan, Hel fand and Re?/nol ds (1984)
[4 Mathewson et &1983 (6] Seward, Harnden and Hel fand (19811a)
(3] dark et. 198 [7] Seward, Harnden and Helfand (1984b)
[4] Mat hewson et aI (1980) {81 Mddl edi tch and Pennypacker (1985)
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Fig. 5.10: A 843 MHz map of SNR 0540-69.3 obtai ned using the Ml onglo
Observatory Synthesis Tel escope. VWile the central portion
corresponds to the supernova remant, the |arge extended
em ssion around it may be related to the 30 Doradus region.
FWHM beamis shown as an ellipse at the bottomright corner
(Taken fromMIIls et. al. 1984),
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X-ray map of SNR 0540-69.3 obtained using the HRI on
board the Einstein Observatory by Mathewson et. al. (1983).
Contour levels are 0.05, 0.25, 0.5  0.75 and 1.0 counts
s_1 arcnin_z. Numbered crosses indicate the positions
of reference stars. The plus sign (+) denotes the optica

centre of the remant.
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Contour map of the intense [O 111] annulus, super posed
on background nebulosity. Map center is at a = 05"40m35%2,
6 = —069°21'14"3, and the units are photons per pixel. The star
at the north of the diagram indicatesthe spatial resolution.

Fig. 5.12: | sophotes of [0III] image of SNR 0540-69.3, clearly show-
ing the annular em ssion region. (From Mathewson et.
al . 1980).
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East- West slices through the centre of the nebula o540-
69.3 in blue filter (top) and [o0Ir1] filter (bottom.
Dashed curves contain correction for unwanted contribution
from line and continuum respectively. (From Chanan, Hel-
fand and Reynol ds, 1984).
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energy loss is mainly due to radiation:

NCEYE o« E- U g

Thus the synchrotron radiation spectrumat |ower frequencies
is given by

I, « v(\'—'ﬂ/z.

and that at higher frequencies by

-1/z
I, £ »7 7
The X-ray spectral index d’x = 0.8 thus suggests that the

spectrumof the injected particles nust be of the form

—06
NCE)AE o E"C4E .

Thi s woul d predict a radiation spectral index op=0.3 at radio
wavel engt hs. The observed radi 0 spectrum K p= 0.43 is clearly
nmuch steeper than this, and fits in nore closely with a
standard shell supernova remant. It shoul d be renarked that
in all known plerionic supernova remmants in the Galaxy, it
appears that the injected spectrumof particles nust have a
"break", that is, the value of 4 is sonewhat |arger at
hi gher energies (Reynolds and Chanan 1984; Bhattacharya and
Srinivasan, 1987; Srinivasan, 1985a; Davelaar et.al. 1986).
For exanple, the Qab nebula has a radio spectral index
o,,=0.3, which would inply an X-ray radiation index ¢, = 0.8;

R
but the observed X-ray enission has a spectral index o 11
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If the sane is true even for SNR 0540-69.3, then its radio
spectrumwoul d be expected to be even flatter than 0.3, making

the inconsi stency w th observations even nore gl aring.

The second argurment cones from the observed radio
lumnosity of the S\R In an earlier work (Srinivasan and
Bhatt acharya, 1984) it was shown using sinple scaling fromthe
lumnosity of the Oab nebula that the observed radio
lumnosity of SNR 0540 - 69.3 is much in excess of what one
woul d expect from a plerionof its age and size, given the
surface magnetic field of the energizing pulsar. Based on
this conclusion, and the fact that the radio spectrumis nmuch
steeper than expected, it was suggested that this remant nust
be a shell-plerion conbination, with nost of the radio fl ux
comng from the shell conponent. VW& present here some

refi nenents of this nodel.

A Model

The presence of a | arge amount of oxygen in this remmant
suggests that its progenitor nust have been a rather nassive
star. This, together with the rather snal | expansi on
velocity, indicates a substantial mass in the ejecta, assum ng
a standard expl osi on ener gy NlOSl erg. V¢ assume the mass in
the ejecta to be Mej"'lo Mg and an anbient densityn~1
atom/cc. The original expansion velocity is taken to be
rn 3500 km/s. (Qven these paraneters, and the pul sar field
~ 4.9 X 10'?‘G, the X-ray lumnosity of the plerionis best fit
by an initial period~ 20 mllisecond, which inplies an age
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~1400 yr for the remant. The evolution of spectra
lum nosity at 4 KeV is sketched in fig. 5.14(a). The point
mar ked "+" gives the observed X-ray lumnosity of SNR 0540-

69. 3

Using this initial spin period of the pulsar, and the
other paraneters nentioned above, we can now conpute the
evolution of radio surface brightness of both the plerion and
the shell conponents, following the nethod used in the
previ ous section. The result is shown in fig. 5.14(b). Ve
find that the shell conponent accounts for nost of the
emission, . the plerion contributing less than ~ 25% The

9

observed average surface brightness, ~ 5 x 107 W/n*/Hz/sr at

1 GHz, shown by the "+" mark, is quite consistent wth the

expect ed val ue.

A natural question that would arise at this point is that
if the unresolved shell remant contributes nost of the radio
flux, why doesn't it show up in the X-ray map? The HRI should
certainly have been able to resolve it. This question can be
answered using the X-ray Z -D relation for LMC SNRs given by
Mat hewson et.al. (1983). For a shell of dianeter ~8 pc one
3

expects a surface brightness i;elo" erg cni 2 s"sr"', while the

observed centrally condensed X-ray nebula has an average

57!, The Iowest contour

surface brightness E;A:o.lz erg cm?§
presented by Mthewson et.al. (1983) in the HRI map of this
remant corresponds to o~ 10 ° erg crﬁzs_]sr", about an order of
magni tude larger than the expected X-ray brightness of the

shel | . Thus one does not expect the X-rays from the



LUMINOSITY EVOLUTION OF PLERION
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Fig. 5.14 (a): A model evolution of the X-ray luminosity of the plerionic component of SNR 0540-69.3.

The '+' sign marks the observed value.
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radio-emtting shell to showup in the HRI map.

Another interestingfeature of this remmant is the ring
of COIII1 emission around the pulsar. The optical synchrotron
nebul a di scovered by Chanan, Hel fand and Reynol ds i s contai ned
within this(fig. 5. 13). It is thus tenpting to suggest that
this, infact, is the boundary of the plerion. Reynol ds
(1985) has presented a nodel based on this picture. However,
the fact that the observed X-ray nebula is twice as big as the
COIIIJ annulus cannot be accommodated in this nodel. There
nmay be a | ow bri ght ness extension of the optical nebul a beyond
the annulus, which may be difficult to detect because of the
presence of conpl ex background nebul osity connected to the 30
Doradus  region. W therefore suggest the follow ng
alternative picture. It is quite conceivable that a
significant fraction of the ejected mass broke up into
filanments, presumably due to a Rayleigh-Taylor instability
triggered by the pressure of the pulsar bubble. Such
filaments may be expected to be found at all distances from
the pulsar as in the Gab nebula. The COIIIJ annul us rmay then
correspond to some enhanced excitation at that radius, for
example- by a standing shock |ocated there. The existence of
such a standi ng shock inside the Crab nebul a was suggested by
Rees and Qunn (1974). This shock corresponds to the radius
where the directed (ran) pressure of the relativistic wnd
from the pulsar equals the built up anbient pressure inside
the bubble. The pressure inside the bubble cones mainly from

the built up nagnetic field, since the energy density in
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particles is reduced substantially due to radiation |osses.
The energy density in the magnetic field can be roughly

estimted as foll ows:

The pul sar releases half of its stored rotational energy
E, over the first characteristic age ’Uo . After T, the rate
of energy release falls rapidly, and the evolution of the
field energy is determ ned roughly by conservation of magnetic
flux after t=‘T;, whi ch corresponds to pure adiabatic |oss of
field energy. If one assunes that ~ 50% of the injected
energy goes into the magnetic field, then the total nagnetic
energy at a time t T is

Rheb(mo)
° R (1)

neb

Wy () =~ E

1

8

where R is the nebul ar radius.
heb

The factor — comes from the fact that %.Eo is the total
energy released by the pulsar upto U , half of that is
injected in the formof nagnetic field, and half of the tota
injected field energy goes into adiabatic |osses upto-t= Q;.
The second factor R, C¥)/Rp,, () takes into account
adi abatic losses occurring after t= T%. The pressure due to

the magnetic field would be then

- Wy 1 & R pep, (To) |
aq 3 4 3 4
mag 3 L Ry, () 32w R (D)

Thi s shoul d bal ance the ram pressure of the pulsar wind at the

shock radi us Rs:
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- LPSR(*) - P - | Eo R“eb(’%)
ram -~ 4,,—251¢ - mag 3L R.,‘;eb(t)

8La.o (t) Y2
~ | CBhPse R* (B). (.10
RS [ o Rne,,('caj neb

Using an initial spin period P,~20 ms for the pulsar, an

initial expansion velocity~3500 km/s for the nebul a and the
present observed. parameters of the pul sar and the nebula, we
obtain R,~0.8 pc from the above expression. This is
remarkably close to the radius of the observed ECOIII1 ring.
Thus the size of the annulus is fully consistent with the
presence of an enhanced excitation at RS' This feature nust
in fact be filamentary, otherw se the relativistic particles
coul d not have propagated beyond it. An optical inage at
hi gher resolution, wth for exanple the Hubble Space
Tel escope, may be able to verify this. The large velocities

' are probabl y caused by these fil anents

upto ~ 1500 km s
bei ng strongly accelerated by the pulsar wnd. Qre woul d
naturally ask if there is a simlar featurein the Gab
nebula. Fromthe published pictures of the Gab nebula it is
not possible to discern any such feature. |t appears that
thereis very little thermal matter near the shock region
(which is identified to be the region of wi sp activity by Rees

and Gunn 1974), and as a result no ring-like emssion is seen.

V¢ see, therefore, that the above nodel for SNR 0540 -
69.3, conprising of a shell-plerion conbination remmant with
an inner shock, can successfully accommodate all observed
f eat ures. It is interesting that the best estinate of the

initial rotation period of the pulsar turns out to be ~ 20 ns,
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very close to that of the Grab pulsar. The nmagnetic field of
this pulsar, too, is very close to that of the Grab pul sar
This | ends support to the conclusion arrived at Chapter 2 -
t hat
l ong-1lived and bright plerions are expected only in
those circunstances where the central pul sar has an
initial period ~10-20 mlliseconds and a mnagnetic

field ~ 1012'5 gauss, and the ejecta expand

relatively slowy.

5.7 QGONCLUSI ON

In an attenpt to wunderstand the evolution of SAR
nor phol ogy, we have studied in this chapter the evol ution of
both the shell and the plerion conponents of supernova
remants. Based on a very sinple nodel in which these two
conponents of the SNR evolve essentially independently, but
share a common velocity of expansion, we are able to identify
cases where the remmant would appear to have a shell, a
plerion, or a conbination norphology. It is interestingto
note that pul sars very simlar to the Gab pulsar in initial
period and magnetic field produce the brightest plerions which
maintain their identity for along tine. In particular, the
Oab nebula withits small expansion velocity is never going
to build up a promnent shell. A remmant containing a pulsar
wth either too fast or too slow initial rotation has a
pl erioni c appearance at first, but at a later stage evolves
into a shell remmant. These results can be sunmmarized in a
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tabul ar formas foll ows:

Pulsar's initial _ .
Spi n Srong Expl osi on Veak expl osi on
Fast Bight Herion => Shell | "Pulsar-driven" remmant
Bigt Herion => Shell
Mdi um Bigt Herion Bight Aerion
; => Gonfoi nat i on
S ow Véak Herion => Sell Wk Rerion
=> Gonii nati on

The pulsars in the above table are assuned to have
magnetic field simlar to that of the Gab pulsar. "Fast"
corresponds to P,~3 ns, "Mediunt to P,~20 ns and "Slow to
P,~ 100 ns. A "strong" explosion stands for a standard

2! ergs of blast energy. A "weak"

49

supernova outburst with ~ 10
expl osion assumes a blast energy of ~ 107 ergs, simlar to

that of SN 1054.

This sinple nmodel of evolutionis also able to account
for all observed features of the supernova rennant 0540-69.3
in the Large Magel lanic G oud in which a pulsar has recently
been found. Application of this nodel also |eads to an
estimate of the initial spin period of the pul sar contained in
this remant. Ve find aninitial period P,~20 ns for the

pul sar 0540-69.3.
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As already mentioned, the nodel considered above is a
very sinple one. It wll certainly be worthwhile to
investigate this problem with a nore refined nodel,
i ncorporating the detail ed dynamcs of the shock front, and of
the interface between the pulsar bubble and the ejected
natter. Qne should also allow for mxing of relativistic
particles fromthe pul sar bubble with the ejecta, which nmay
nodify the way the shell Ilumnosity behaves wth tine.
Rayl ei gh-Tayl or instabilities at the plerion-ejecta interface
and the formation of filaments nay al so be inportant. Such an
effort, however, is outside the scope of this thesis and wll

be attenpted el sewhere.
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APPENDI X 5.A1

MAGNETIC F| ELD AND PARTI CLE D STRI BUTI ON
IN A PLER ON I N DECH_ERATED EXPANSI ON

In this appendix we derive the nagnetic field and
particle distribution in a plerion which after an initial
phase of uniform expansion, is undergoing decel eration due to

interaction with the anbient natter.

The nebul a is assunmed to expand with a constant velocity
¥ upto a time t-t, ,following which the radius of the

nebul a i ncreases as

i
R =1t (Jc/to> ; M<d. (5.A1.1)

The evol ution magnetic field and particle content of the
nebul a during the free expansion phase has been di scussed in
appendix 2.2, In this appendix we shall discuss the

evol ution beyond t=t, .

W shal|l consider two distinct cases. In case A the
decel eration occurs in phase II, i.e., to'i"to, the initial
characteristic slow ng down timescale of the pulsar powering
the nebul a. In case B the nebul a decel erates in phase III,

i.e., after the initial spindown timescale of the pulsar

(t,>7T,).
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As in appendi x 2.A2, we approxi mate the evol ution of the

pul sar's spindown |umnosity as

LPSR ('L') = Lo ;POT t < rto
, | + - %
and Lpsg @)= Lo (%—o) for ty,

and we follow the nethod outlined in appendix. 2.A2 to
det er m ne the nebul ar magnetic field and particle

di stribution.

Case A

In this case decel eration occurs before t:’to , and

hence both phase II and phase III are nodifi ed.

Phase II

At t°<+.<'t° , the nmagnetic field is obtained using
(2.A2.5) and (5.A1.1):

V2.

B(t)=<“"‘ ."°)

%’_("]"O t(l-%’])y/?-
I—r*) 3

(o]

{5.A1.2)

wher e Gm is the fraction of the pulsar’'s spindown | umnosity

going into the nmagnetic field.
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The break energy Eb , above which the particles |ose

energy mainly by radiation is given by

1 _'q0+q).'v3.t3£hq)_t3qi1

0 .

E, = _ =
" ¢ BE(R/R) 66, Lo
...... (5.A1.3)

At energies E<Eb , there will be two kinds of particles,
(a) the relic particles injected before t=z=t_ , and (b) the
fresh particles injected after t= to . It can be shown that

the fresh particles nake the dom nant contribution. For them

1
E; = E (t/t{)

-~

t; k]
Q'nd ’.b-._l_ = —t— E ;
2E N £/

Ei, are defined through the relation that a particle
injected with energy £; at time 1; arrivesat energy E

at tine t .

The energy distribution of particles in this energy range
is then obtai ned from (2.A2.15):
-d-2

_ A
N(Et) = (2 ")GPL"‘:MM t.E (5.A1.4)
|+"i-—v]
(ECEY)
wher e GP is the fraction of the pulsar's spindown

Ium'nosity going into relativistic particles; n and
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Emo\x are the power |aw exponent and the maxi num energy of
the particle distribution respectively.

At energies E 2 E,

=N [ 2-3 2-3
Ey  Q+m)C2-3v) V3 o

L
E
which yields t ~ty  and

3M-1
2ty | o’ 3U-) t _

——

1

€ be, ¢ L, E*
Hence
2_,1 € qd-2 3("""]) 3’]—'
N(E){)‘: (‘+"])< ) b Emax ’\}3{30
6(1-1) €4 C, - (d+1)
% E
(E>..E.b.)..(5.Al.5)
Phase III

At £5>T,>t, , the magnetic field is given by

V2. 3
6o Em L £ (m-0 (/2
BCH:[{Hr])(d-n——!) -1?3] £’ T t "'1

o 0

...... (5.A1.6)
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The break energy is
. M@+n) (=m=1) 3 {30-’]3 " (1+1) th]
b G € Cy L, °

...... (5.A1.7)

At E>Eb , synchrotron | osses doninate, and

- i 4
{:t‘p', at; ~ (1+m) (&-1-1) '23‘{:03(»]-\’)1/0 (l+1l1) __'l_'.___’l.

aE 6°(€mC1 LO EQ-
...... (5.A1.8)
Hence
NCE4) = 2V G (-1 172 43 307D
Gi"')em 6ot <, ‘ ax o
A-M-1 An-o - (d+1)
T, ot T E
(E>E))
...... (5.A1.9)

The relic particles of phase II are found mainly below the
energy E = E, (T,) (’t/"co) A ELE, both the relic
particles and the fresh particles make a  conparable

contribution. The energy distribution works out to be
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{ots A G- (2-4) A-2 _ 14m(d-1)
N (&) = (1+4-m) (& -1-14+m) € Lo Epma 0
x ":'Y](‘-d) E—'{
(E<E,)
...... (5.A1.10)

Bet ween Ec and Eb the spectrumis domnated by fresh
particles which wundergo only adiabatic | osses. The particle
energy distributioninthis interval is given by

- A +n-1- A
NCEt) = &8 E o Lo ["l('“ﬂ(at-n-u)v” —5,,-—,—71-
#=1) = N (-1 6x €, ¢/Lq

x'TOE (4q-2)¢ +m (14n) 4+ (t-n2)] /(5»,]-1)
3U-m) (x=14m-mA)/(5n-1)
X Yo

. t.nEO—ot) + (4*,-\)(\-4)]/(5,]-.) |

- &t (Am-1)d+n-11/7G-0
x E

(e, <EXE,).
...... (5.A1.11)

After t;t‘* ., E,OE

spectrum evol ves adiabatically. Absence of injection above

may - and the entire particle

Ema\x nodifies the particle distribution above an energy

EMx(tx/J]. The energy spectrumabove E is given by

mi
"
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(-Dé& Lo % (et =1-7)/m t\—o(. E(t-n-*)/’]

N(E,¢) = (#-1y=m (4-1) 0 “wmax

...... (5.A1.12)
and (5.A1.11) gives the spectrum bet ween E, and E

If at t=T, . Eb is already higher than

mayx ’

then in phase III the spectrumconsists only of two sections,

given by (5.A1.10) for energies EJE= e (t/,ro)"] ,
max

and by (5.A1.12) for E>E

Case B

In this case. expansion in phase II is undecelerated, and

hence 1is described by the expressions derived in appendi x

2.A2. Mdifications are necessary only in phase III.

Phase III

At times t<4t, .« thefieldand particle distribution
will be as described in appendix 2.a2. A t>t, .the

magnetic field is given by

, 2(n-1) -2
BG) = [ (—5°CGML° .t L t "l' (5.A1.13)
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The break energy
rr](o(-1)v3 t4(“’l)t4’?"

E, = BocemC,L_oTor o © (5.A1.14)
For E>Eb,
4(1-7) 4
3 1
'I:;L ~ ’C, and FAD o (x-2) v t = -
dE 3 E,C LT, E
whi ch gives
(2-4) (%-2) ¢ 3 _d-2 -2  4(i-1)
= . b . E ’t -t
NEES =52 (d-D¢, e, U Fmax o °
am- _ - (41
«t VTE
(E>E,)

...... (5.A1.15)

At ‘t-—{.‘o » the spectrum of adiabatic [oss domnated "relic"
particles is as follows.

& (2-4) _d-2 A -4 _ -4

a) N(E;to)z m b "6 “max ﬁCO -to E

for ECE (1) = E, (%) %,
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2 -4 (4-w+4)/4 4.
b) N(gt,) = 2=d ( -2 \) e, Lo /4 d-2

max

- -
v3(°‘ )/4’1‘ (xm)/-z.t(‘a o-34)/4

o o
W E (£+34)/4

For E, () <ECE(H)

at ‘l:)'l:o , type a) relic particles will be found bel ow the
ener gy Ec(ﬂ-_-Ec(t,,) ({'/ta)"]; and type Db) relic particles will

remain in the ener gy i nterval
E.(t)<E <EAC’c) = Eb(-t—o)(t /L‘o)-yl . It can be shown that
in both these reginmes, ie. for all energies below EA (+),

the relic particles domnate the spectrum Hence the |ow

energy part of the spectrumw |l have these two regions:

_ % (2-d) A-2 A ) (-14) mG-A)
N(E,t) = T LB s To to | 1"
-
x E

(E<E. (V)
...... (5.A1.16)
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and

-A { X -2 ](“'d)/‘*\m-ocw)/of
A Bxémc, ép L°

A-2 3 (k-Ad)fa _ (a+d)]2
max VU T,

x E
(-1) (4 - o= 34)/4
X Lo

m (4 - «- 34) /4

x

- (o4 34) /4

(e LECE, ).

...... (5.A1.17)

Above E-;Ed(e), fresh particles domnate the spectrum

Bet ween Ed (+) and Eb (4’_) , particles wundergoing only
adi abatic | osses domnate. The resultant spectrumis
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’ | o —"M-1+4
¢, L gd-2 2,
N(CE,t) = (2‘"4) pl—o max v](oc.-z)v 51
(e-1) =7 (4-0) ELA A
[‘57) -3) "'2")'“'2-0—1))] /CS*)")
Y o
. £ (1= (= An 14 /(5m-1)
- [4n-ot = (4n-0)d] [ (57-1)
x \l.'?] '] « - 1/ (-1
" E - EOC -+ (471-0"‘ + (n_l)]/(gn_’)
(EA<E<Eb).
...... (5.A1.18)
The spectrumin the range Eb<E<me 's given by
(5.A1.15),

At atine ‘t* , the break energy Eb(t) will cross

Emax . Then onwards the evolution of the entire spectrum

wi Il be adiabatic. The absence of injectian at E > Ehmx

wi Il nodify the spectrumabove the energy E = Emm( (‘t/f )-7).

In the interval E {EXL Em the energy di stribution will
ax

be given by (5.A1.12).
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If at +t=%t, - Eb(£°)>EMx,thenthe relic particle

spectrum wl | have the high-energy tail E>E (to)
nodi fi ed because of the absence of injection above
E=FE . - Inthiscase at t> t,  Lhe second break

energy E, wll be defined as E(to) (t/{—o) . The spectrum
Pt
is given by (5.A1.16) below E = E, () , by (5.A1.17) in the
range £, CELE, , and by (s.a1.12) _ for
& -N In the interval E4d<E<CE the
E>E=E, , (/) 7 .

spectrumwi | I have the form

_ ®*-2) ¢ (M- &) mO-&)
N(E+) = i‘% €p LoEmax T, '{:o i 'tn
<E™"

(E,<E<E ).
...... (5.A1.19)

[f, on the other hand, Phase III is fully adiabatic, i.e.
£ (T,)>Emax , then the spectrumat tf to has three
secti ons, given by (5.a1.16) for E<E, = E (%,) (t/t.o)“ﬂ ;
by (5.A1.19) for £, CECE:E

(/4 3§ and by (5.A1.12)
~ (]
for ECECE,

mao x
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