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Abst rac t . C o n t i n u o u s injection mode l s for t he secular behav io r of t he r a d i o a n d X- ray emission f rom 
s u p e r n o v a r e m n a n t s a re examined a n d c o m p a r e d wi th the observa t ions . A m o n g o the r things, it is 
conc luded tha t (1) c o n t i n u o u s injection p robab ly occurs for a t least 10 yr in every case a n d a b o u t 
1000 yr in mos t supe rnova r e m n a n t s , in which case the supe rnova r e m n a n t s 3C392, W28 , P u p A 
a n d IC443 should p r o d u c e 1-10 keV X- ray fluxes 1 0 - 1 0 e rgs /cm 2 - sec , a n d (2) t he X-ray sources in 
t he C r a b Nebu la , Cas A a n d T y c h o c a n b e explained in te rms of a m o d e l where in c o n t i n u o u s injection 
occurs for 300 yr for the C r a b N e b u l a , m u c h less than 250 yr for C a s A a n d m u c h longer t han 400 yr 
for T y c h o . Final ly, it is s h o w n t h a t if T y c h o a n d Cas A con ta in a n X- ray s tar such as N P 0532, it 
is qu i te possible tha t the X- ray emiss ion f rom those sources is p r edominan t ly d u e to the X-ray s ta r . 

1. Introduction 

The purpose of this communication is to discuss the secular behavior of the radio 
and X-ray flux from supernova remnants which is to be expected on the basis of a 
model which assumes that relativistic electrons are continuously injected into the 
source for some time after the initial explosion. Ths results of this analysis, which 
are discussed in more detail elsewhere (Tucker, 1970), lead to the following conclu
sions: (1) a continuous injection model is capable of explaining the observed variation 
of the radio luminosity with the size of the source, if the injection time t{ is of the 
order of 2000 yr for most sources; (2) the intensity and spectral shape of the X-ray 
emission from the Crab Nebula, Cas A and Tycho are readily understood on the 
basis of this model if ^ = 3 0 0 yr for the Crab Nebula, <^200 yr for Cas A and >400 yr 
for Tycho; (3) if Tycho is typical, then the supernova remnants 3C392, W28, Pup A 
and IC443 should produce X-ray fluxes of the order of that of Tycho; (4) if Cas A 
and Tycho contain a compact X-ray source similar to N P 0532, then it is quite possible 
that the X-ray emission from those objects is predominantly due to the compact 
source. 

2. The X-Ray and Radio Emission from Relativistic Electrons in Supernova Remnants 

The intensity of the synchrotron radiation from supernova envelopes can decrease 
with time for two reasons: (1) The energy losses suffered by the electrons as a result 
of adiabatic expansion and radiation and (2) the magnetic field strength can decrease 
with time. The relative importance of these effects depends on the energies of the 
electrons, the rate of production of relativistic electrons as a function of time and the 
evolution of the magnetic field strength with time. 
* This paper was presented by D r . E . M . Kel logg. 
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Assume that relativistic electrons are injected into the emitting region at a rate 
described by the equation 

fit) = 1/(1 + t/t,)2 (1) 

This time dependence is consistent with the predictions of both the oblique rotator 
model (Gunn and Ostriker, 1969; Cavaliere and Pacini, 1970) and the low density 
limit of a relativistic stellar wind model (Michel, 1969; Goldreich and Julian, 1969), 
so that the results discussed below are not dependent on the validity of any particular 
pulsar model. In fact any law of the form f(t)=l/(l + t/ti)x would give essentially 
the same results in the limits t<^tt and t^>tt. 

If it is assumed that the relativistic electrons are produced after the stellar envelope 
has been ejected, then the effective radius of the source is given by the position of 
the ejected shell for t^ts, where ts is the slowing down time, i.e., the time required 
for the interaction with the interstellar medium to have a noticeable effect on the 
motion. This happens in a time corresponding to a radius of the order of 4 parsec. 
For radii greater than this the ejecta are mixed in with the interstellar medium and the 
effective radius of the source is given by the position of the shock front which propa
gates ahead of the ejected shell*. 

Since the dependence of r on t is different in the different phases of the expansion, 
the dependence of the luminosity on r will be different depending on the relative 
magnitude of the age of the source t, the injection time th and the slowing down 
time ts or equivalently r, ri9 and rs. We know the value of rs fairly well ( r s ~ 4 p c ) 
and the value of r can be determined from the observations by a number of (usually 
indirect) methods, all of which give roughly the same values (see Minkowski, 1968; 
Shklovsky, 1968; Poveda and Woltjer, 1968; Westerlund, 1969a, b). The value of ri 

or the corresponding time tt is less certain, since it depends on the model for injecting 
energy into the nebula. In general if the energy input is due to a rotating neutron star 
which is slowing down, then ti^Er0/L0 where Er0 is the initial rotational energy of 
the neutron star and L0 is the initial rate of loss of rotational energy. This implies 
that in general the brighter sources should have shorter lifetimes, and vice-versa. 
Pulsar observations, when available, can provide a means for estimating tv. However, 
pulsars are observed in only two supernova remnants, so in most cases tt must be 
treated as a parameter to be determined indirectly with the help of observations. An 
estimate of ti can be obtained by assuming that the luminosity at the maximum of 
the light curve is a good estimate of L0, and that E0 is of the same order as the 
gravitational binding energy; this implies values for ti lying somewhere between a 
hundred and a thousand years. For example, the observations of N P 0532 imply that 
for the Crab Nebula, / f = 300 yr. Using this value for tt in Equation (1) yields a 
spectrum which is consistent with the radio and X-ray observations of the Crab, if 
we assume a magnetic field i ? = 2 x l 0 " 4 G . 

* This assumes tha t a shock front does in fact develop. I n a di rect ion t ransverse t o the interstel lar 
magne t i c field this is surely a good a s sumpt ion . I n a direct ion paral lel t o the magne t i c field it is no t 
obv ious what will happen . (Fo r discussions of the dynamics of supe rnova envelopes see Spitzer and 
T o m a s k o , 1968; Kruska l et al., 1965, Colga te , 1967, a n d Shklovsky, 1968.) 
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For the cases of Cas A and Tycho, the radio and X-ray observations imply ^ 2 0 0 
yr and f l->400 yr, respectively (for more details, see Tucker, 1970). 

The variation with t of the radio luminosity Lrad ( = v r a d L ( v r a d ) ) for the Crab Nebula, 
Tycho and Cas A is shown in Figure 1. Also shown are the positions of those super
nova remnants for which the distance is fairly well known, and a broad shaded band 
having a slope of —0.67. Poveda and Woltjer (1968) have shown that it is probable 
that most of the other supernova remnants lie within the shaded area of the diagram. 
To get the curves going through the Crab Nebula, Tycho and Cas A, it was assumed 
that rs = 4 pc in each case and rt = 0.3 pc for the Crab Nebula and Cas A, and rt = 7 pc 

LOG r ( p c ) 

Fig . 1. T h e rad io luminosi ty of supe rnova r emnan t s as a funct ion of their r ad ius . Those r e m n a n t s 
for which the distance is fairly well k n o w n are shown explicitly; the o thers m o s t p robab ly lie within 
t h e shaded a rea of the d i ag ram. D a t a a re t aken from Poveda a n d Wolt jer (1968). Also shown are 

curves i l lustrating con t inuous injection models for Cas A, the C r a b N e b u l a and Tycho . 
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for Tycho, values suggested by a comparison of the observed spectra and the predic
tions of the continuous injection model. 

Most sources appear to lie in the region traced out by the curve through Tycho, 
implying that rt~l pc or f f ~2000 yr for most sources. This would explain why the 
observed L r a d vs r curve does not exhibit any dependence on the radio spectral index 
ar. If most sources are in the region rs<r~ri9 the dependence of their radio luminosity 
on a r is weak. Any spread in the values of rs and rt should wash out this dependence 
leading to a curve of the type observed. The observation of an increase of the radio 
intensity with time for sources having radii in the range 5-10 pc would lend support 
to this model. 
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Fig . 2. T h e 1-10 keV X-ray luminosi ty as a function of the rad ius of the r ad io source for k n o w n 
supernova r emnan t s (Gorens te in et al. 1970). Curves i l lustrat ing the mode l s discussed in the text 

are also s h o w n . 

The variation with r of the 1-10 keV luminosity Lx for the Crab Nebula, Tycho, 
and Cas A are shown in Figure 2 together with observational data (Gorenstein et al., 
1970). Of course the curves for the Crab and Cas A must flatten for small r since at 
all times we must have LX<L0, where L0 is the total power input of the central source. 

The model that fits the observations from Tycho predicts a decrease with r ac
cording to r - 1 , 7 , which suggests that at least one of the sources, 3C392, W28, Pup A 
or IC 443 should have an intensity at least that of Tycho. 

It is well known that the Crab Nebula is not a uniform extended source. Rather, 
it is a complex source of the core-halo type, where in this case the core source is the 
pulsar N P 0532, which accounts for about 10% of the X-ray emission between 1 and 
10 keV (Kellogg, 1970). Since this radiation is produced essentially at the site of the 
energy source of the nebula, we might expect the luminosity of the pulsar to follow 
rather closely the time dependence of the central energy source, which is given 
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approximately by Equation (1). This implies that the luminosity of the pulsar X-ray 
source varies approximately as l/r2 which is less steep than the r ~ 4 ' 7 dependence for 
the extended source. The evolution of the pulsar X-ray source is shown by the dotted 
line in Figure 2, which shows that the pulsar X-ray source should become dominant 
for r ^ 3 pc, or / ^ 2 0 0 0 yr. It is of interest to speculate whether a compact source (it 
may not be pulsing) dominates the emission from Cas A and Tycho. An estimate of 
the intensity of these hypothetical compact sources can be made as follows: If we 
extrapolate the luminosity of the Crab pulsar back in time according to Equation (1), 
an initial 1-10 keV luminosity ^ 2 x 1 0 3 7 erg/sec is obtained. If we now assume that 
(i) the ratio of the initial 1-10 keV luminosity of the pulsar Lpx(0) to the initial total 
power output of the central source L0 is a constant for all sources, and (ii) LQti = 
constant for all sources with f f ~ 2 5 yr for Cas A and 2500 yr for Tycho then the 
initial 1-10 keV compact source luminosities for Cas A and Tycho are of the order 
of 2 x 1 0 3 8 erg/sec and 2 x 1 0 3 6 erg/sec, respectively. An evolution in time according 
to equation (1) then leads to secular behavior of the compact sources as shown by 
the dotted curves in Figure 2. 

These curves show that, if the assumptions are correct, a significant fraction of the 
emission from Cas A and Tycho is due to a compact pulsar-like source. Angular 
diameter measurements should provide a test of this hypothesis in the near future. 
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Discussion 

/. E. Grindlay: H a v e you been able t o es t imate the current injection ra te in Cas A a n d thus the present 
energy tha t m a y b e pu t in to h igh energy particles? 

E. M. Kellogg: Cas A is a s sumed still t o have electrons being injected. N o abso lu te es t imate of the 
injected energy or flux is m a d e . 
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