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RADIO SUPERNOVAE AND PARTICLE 
ACCELERATION 

V. I.  SLYSH 

Astro Space Center, Lebedev Physical Institute, Moscow, U.S.S. R. 

(18 February 1991) 

The radio emission from supernovae is observed in the first days or years after the explosion. It has a 
power law spectrum with a low-frequency cut-off moving with time to lower frequencies. The size of 
radio emitting region increases with time at a rate consistent with the rate of supernova envelope 
expansion. This kind of spectrum evolution was described by the free-free absorption in the 
circumstellar matter accumulated by the stellar wind of the pre-supernova or by the synchrotron 
self-absorption. 

The synchrotron emission of supernovae is produced by relativistic electrons which are most likely 
accelerated by the shock associated with the expanding envelope. Three different mechanisms of the 
shock acceleration were discussed. The first-order Fermi, or diffusive shock acceleration can provide 
observed flux density of all detected supernovae, but requires very high mass-loss rate and magnetic 
field. Of the two quasi-perpendicular mechanisms the acceleration by lower-hybrid waves seems to be 
not efficient enough to produce relativistic electrons, while the shock drift acceleration is capable to 
accelerate a sufficient number of electrons to relativistic energies. This conclusion was derived from 
scaling of the Earth's bow shock electron energy density to the supernova shock parameters. The 
shock drift acceleration can supply sufficient number of relativistic electrons for the equipartion with 
the magnetic field. 

KEY WORDS Supernovae, radio emission, particle acceleration 

1. INTRODUCTION 

Compared to supernova remnants (SNR), the radio emission that accompanies 
explosions of supernovae at early phases (several years after outburst) was 
discovered quite recently (Gottesman et al. 1972). This is a completely new 
phenomenon and its properties cannot be found by a simple extrapolation back 
from SNR's. The secular variation of the SNR radio flux density predicted by I. 
S. Shklovsky (1960) and confirmed by subsequent observations of Cassiopea A, is 
caused by the SNR envelope expansion. If the process were reversed, and the 
Cassiopea A were compressed to a size which the supernova 1979c had at the age 
of 2.3 years that is to 8 x 10''cm, its radio luminosity would be by 3 to 7 order of 
magnitude higher than that of the supernova 1979c, depending on, either the 
energy of relativistic electrons is decreasing due to the expansion adiabatically, or 
the decrease is compensated by some further acceleration. This means that the 
radio emission of an SNR cannot be regarded as an emission of the highly 
expanded envelope of the supernova. There must be a greater distinction 
between SNR's and supernovae: during the process of evolution from the 
supernova phase to the phase of SNR, the rate of the decrease of radio luminosity 
changes to larger values. 
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Another distinction between supernovae and SNR’s may be caused by a 
neutron star activity in type I1 supernovae. At the supernova phase the envelope 
is dense enough to completely block any emission from the neutron star. As the 
envelope is expanded it becomes transparent, not only to a radiation of the 
rotating neutron star (a pulsar) but also to relativistic particles accelerated in its 
magnetosphere. A supply to the radio emitting region of the SNR of relativistic 
particles becomes possible. Thus, a manifestation of the neutron star activity is 
more probable at a later time during the SNR phase. 

Young SNR’s as a rule have a rather regular circular shape, which means the 
existence of a high spherical symmetry (not counting Crab nebula and similar 
SNR’s powered by pulsars). The spherical symmetry of SNR’s is a result of the 
independence of the expansion on initial conditions in self-similar (Sedov) 
explosions. It was I. S. Shklovsky who had applied the self-similar solution to 
SNR’s (1962). The situation is quite different during the supernova phase when 
the envelope is not yet decelerated and is in a free flight. The free flight may be 
asymmetric due to many reasons, for example, due to asymmetry of the explosion 
when the envelope is moving in one direction and the neutron star in another 
direction (Shklovsky, 1980). The first VLBI radio image of a supernova shows a 
lack of the symmetry in SN1986j (Bartel, 1990). Thus, there are several important 
differences between radio supernovae and radio SNR’s. In one of his last papers, 
Shklovsky (1985) discussed radio emission from a type Ib supernova SN 1983n 
and came to a conclusion that the radio envelope of the supernova was expanding 
with the velocity of about 60,000 km s-’, much faster than the expansion of the 
supernova envelope measured from optical spectra. This conclusion was further 
supported both for SN 1983n and for another type Ib supernova SN 19841. 
However, direct VLBI measurements of the expansion velocity of type Ib 
supernovae are not yet available. 

2. OBSERVATIONS 

As was mentioned in the Introduction, the first observations of the radio emission 
from a supernova were carried out by Gottesman et al. (1972) who determined 
very roughly the radio flux of the supernova 1970g. Only rather recently, much 
more detailed observations became possible. Here are some results of the 
observations briefly reviewed. 

1979c 
The radio emission of this supernova in the galaxy NGC 4321 (M100) was 

investigated in detail due to its exceptional brightness. Figure 1 shows 2 radio 
images of the galaxy M100, obtained with the VLA one year apart. On the upper 
picture one sees the central part of the galaxy while on the lower picture, taken 
one year later, one can see also a bright point source in the lower left corner. 
Light curves at two frequencies are shown on Figure 2. The light curves show 
some typical features. First, the radio emission appears not simultaneously with 
the explosion but with some delay, the lower the frequency the bigger delay. 
Second, the rise of the radio emission is much faster than its decay. Third, 
maximum flux density was reached earlier at high frequencies and later at  lower 
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Figure 2 Radio light curves at 1.4 and 5 GHz for the supernova SN 1979c (after Weiler el al. 1986). 

frequencies. No maximum was observed at the highest frequency used, 15 GHz, 
perhaps because it occurred before the first observation was made. 

Spectra of the radio emission at different times all have maxima with a sharp 
cut-off at low frequencies and apparently a power-law fall-off at high frequencies 
with exponent a = -0.75 (Figure 3). The position of the maximum has shifted 
from 5 GHz on day 450 after explosion to 1 GHz on day 1415. 

The angular size of the SN 1979c radio envelope was measured with VLBI at 
several epochs. Figure 4 shows visibility functions at 5 GHz, while Figure 5 shows 
variation of the angular size with time calculated from the visibility functions 
(Bartel, 1990). One can see from the Figure 5 that in 3.5 years, between the first 
and last measurements, the angular size has increased substantially. If the 
variation of the angular size with time is described by a power-law 6ar", then 
observations would correspond to rn = 1.03 f 0.15 which does not contradict to 
the uniform expansion ( rn = 1). The angular-velocity of the uniform expansion, 
shown on Figure 5 by a straight line, is 6 = 0.11 mas yr-'. If the expansion 
velocity of the radio envelope is the same as that measured from optical lines 
21 = 11,OOO km s-', then an estimate of the distance to the supernova can be 
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Figure 3 Spectrum of the radio emission from SN 1979c 450 and 1415 days after explosion 

made, D =22Mpc. This result was used by Bartel et al. (1985) for an 
independent determination of the Hubble's constant. 

1980k 

Similar light curves are shown on Figure 6 for the supernova 1980k in the 
galaxy NGC 6946. The only substantial difference is a much faster evolution: as is 
evident on Figure 6, the time scale for the supernova 1980k is a factor of 3 less 
than for the supernova 1979c; the flux density of this supernova is also a factor of 
3 lower. VLBI measurements at 13 cm 930 days after explosion have determined 
only an upper limit of angular size of 1 mas (Bartel, 1990), which is consistent 
with optical data. 

1983n 

Still faster, the radio spectrum of the supernova 1983n in the galaxy M83 was 
evolving (Figure 7). The half-power width of the light curve at 6cm was only 28 
days, while for 1980k it was 400 days and for 1979c 1500 days. 
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Figure 4 Measured visibility amplitudes at 5GHz and the fit of a uniform sphere model (Bartel, 
1990). 

1986j 
This was so far the brightest radio supernova known: at wavelength 6cm,  the 

flux density of 120mJy was reached. The light curves measured at several 
wavelengths show a rather slow evolution (Figure 8) (Weiler et al. 1990). The 
radio emission at 6cm initially has been raising rapidly and passing a maximum 
about 1400 days after the explosion started a slow decline. The light curve at the 
wavelength 20cm showed a similar behaviour with a distinction that the 
maximum was reached 2000 days after explosion. At shorter wavelengths, the 
data are less complete: the first observations at wavelengths of 2 and 1.35 cm 
were made after the maximum, and only a slow decline, was observed. Two 
measurements at the wavelength of 1.2mm were made showing a rather fast 
decline between days 1500 and 1800 after explosion. The value of the flux density 
at 1.2mm however is not consistent with the results of the lower frequency 
observations. A possible maximum of the light curve around day 2050 was 
observed at the longest wavelength of 92 cm, but the shape of the light curve and 
the level of the flux density is not consistent with more detailed and more 
accurate data at wavelength of 6 and 20 crn. It is possible that free-free absorption 
in the ionized gas of the galactic disc of the edge-on galaxy NGC 891 is important, 
or an absorption in the near-by HII-region. Bartel (1990) has constructed VLBI 
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Figure 
consistent with weighted least-squares solution m = 1.03 If: 0. IS (Bartel, IYYO). 

The expansion of SN 1979~. The solid line represents uniform expansion ( m  = I ) .  H ch is 

image of this supernova (Figure 9), which shows an irregular shaped envelope 
1.6mas in diameter. The supernova was 2200 days old at this moment. At a 
distance of 5 Mpc assumed for the parent galaxy NGC 891, this corresponds to a 
uniform expansion velocity of 3000 km s-' in a reasonable agreement with an 
optical estimate of 3500 km s-' (Kirshner and Blair, 1980). 

1987a 
The radio emission from the supernova in the Large Magellanic Cloud was 

discovered only 2 days after explosion. The timing of the explosion was very 
accurately determined by the neutrino burst (Turtle et al. 1987). The light curves 
at frequencies of 0.843 and 1.4GHz are similar to the light curves of other 
supernovae with a fast rise of flux and slow decline after the maximum (Figure 
10). A delay of the maximum at the low frequency relative to that at the high 
frequency is evident. At 2.3 and 8.4 GHz, observations apparently started after 
the maximum. As compared to other supernovae, the evolution of the radio 
spectrum of the supernova 1987a was a factor of 10 (1983n), or even a factor of 
500 (1979~) faster, and the radio luminosity was by 3 to 4 orders of magnitude 
lower. VLBI observations at 2.3GHz, undertaken 5 days after the explosion, 
showed that the source was completely resolved on the base line Australia-South 
Africa, which means an angular diameter larger than 2.5 mas; under assumption 
of an uniform expansion, this corresponds to the expansion velocity higher than 
19,000kms-' (Jauncey et al. 1988); this is in agreement with the expansion 
velocity determined from H, absorption line. 

3. INTERPRETATION O F  RADIO SPECTRA EVOLUTION 

3.1. lnteraction with the Stellar Wind of the Pre-supernova 
As was mentioned earlier, one of the most characteristic features of the 
supernova radio emission is the presence of a peak both on the light curves and in 
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Fwre 6 Radio light curves at 1.4 and 5 GHz for the supernova SN 1980k in NGC 6946 (after Weiler 
el al., 1986). 

the radio spectra. The natural hypothesis about the cause of the presence of the 
peaks would be the effect of an absorption. Chevalier (1982) suggested that the 
absorption was caused by the circumstellar ionized gas surrounding the supernova 
envelope. The free-free absorption produces a cut-off of the spectra at low 
frequencies. The density of the gas is higher close to the center, so the absorption 
was stronger at early phases when the envelope had a smaller radius; as the 
envelope is expanding, the gas density becomes lower and the absorption smaller. 
This process explains the initial flux rise on the light curves. By applying this 
model, Weiler et al. (1986) were able to fit light curves of several supernovae and 
to determine some parameters. 

In the model, it was assumed that the free-free absorption optical depth t was 
formed on the path starting from the edge of the radio envelope R to the infinity: 
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Figure 7 Radio light curves at 1.4 and 5 GHz for the supernova SN 198311 in M83 (after Weiler er al., 
1986). 

where n, and ni are density of electrons and ions and: 
-2.1 T -1.35 

k f P f = 3 . 6 2 x  (-) 
5 GHz lo4 K 

is the absorption coefficient, v is the frequency, T is temperature. It is assumed 
that the circumstellar matter was accumulated by mass loss in a stellar wind 
before the supernova explosion; the density of the stellar wind falls-off as r-2: 

M 
4nr2vpmH ’ 

n, = (3) 

where M is the mass loss rate (g s-I), v is stellar wind velocity (cm s-’), mH is 
hydrogen atom mass, 
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Figure 8 Radio light curves at 0.3, 1.4,5, and 15 GHz for the supernova SN 1986j in NGC 891 (after 
Weiler, Panagia, and Sramek, 1990). 

where Xi, Zj, and mi are the fraction by number, charge, and the atomic mass, 
respectively, of the j th ion; the ion density is: 

- 
ni = Zn,, 

with: 

Substituting n, and ni in Eq. (1) one obtains: 

M2ZkfPf  
3(4n)*R3p2m~v2 

t =  

Thus the optical depth in the process of expansion decreases as R-3 .  In the 
Chevalier model, it was assumed that the envelope is expanding according to the 
power law: 

R a tm, (7) 
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Figure 9 VLBI radio image of SN 1986j on day 220 after explosion (Bartel, 1990). 
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where m = (n - 3 ) / ( n  - 2). This law of expansion follows from a consideration of 
the interaction between the supernova envelope with a density distribution 
p 0: r-" and the stellar wind gas with a density distribution p 0: r-' (Chevalier, 
1982). Thus the time dependence of the optical depth may be found: 

t 0: R-3 0: t', (8) 
where S = -3m = -3(n - 3 ) / ( n  - 2). Chevalier (1982) also proposed that the 
synchrotron emission of the envelope is generated by relativistic electrons that are 
in equipartition with the magnetic field, and their energy density is proportional 
to the thermal energy behind the shock front. Under these assumptions it is 
possible to find a dependence of the radio emission flux density on radius and 
ultimately on time: 

S KeBy+Y)ny(l-Y)nR3, (9) 
where K ,  is a coefficient proportional to the density of relativistic electrons in the 
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power law energy E distribution function: 

N ( E )  = K,E-y ,  (10) 
with an exponent y. According to the assumption that the energy density of 
relativistic electrons is proportional to the thermal energy density behind the 
shock front, one has: 

K, a nemiv:, (1 1) 

(12) 

where us is the shock front velocity, which is according to Eq. (7) equal to: 

us = dR/dt  0: P - ‘ .  
In the stellar wind n, a R-’, taking into account Eq. (7) and the assumption of 
the equipartition, one gets: 

K ,  = S: t-’. (13) 
Substitution in Eq. (9) gives: 

s a t W ,  

where a = (1 - y ) /2 ,  /3 = 3m + a - 3. 

expressions (Weiler et al. 1986): 
The light curves from observations were approximated by the following 

where: 

and parameters a, /3, and y have the same meaning as in Eqs. (8) and (14) 
describing the model of Chevalier. A rather good fit of Eqs. (15) and (16) to the 
observed light curves for supernovae was obtained. Table 1 gives values of the 
parameters of the fit. Comparing them with the model one can determine some 
properties of the envelope and stellar wind. Thus, the parameter 6 according to 
Eq. (8), gives m = - 6 / 3 ,  a parameter that describes the rate of deceleration of 

Table 1 Fitting parameters 

SN name K, a B b” Kz m Ref. 

1979c 810 f loo -0.76 f 0.05 -0.69 f 0.08 -2.81 f 0.06 (1.4 f 0.1) X lo7 0.94 1 
1980k 69f  11 -0.50 f 0.10 -0.64 f 0.07 -2.82 f 0.27 (2.4f 0.3) X 10’ 0.94 I 
198311 4400f600 -1.03 f0.06 -1.59 f 0.08 -2.44 f0 .05  530f  30 0.81 1 

0.85 2 
+2775 

-1.01 f0 .17  -1.48f0.33 -2.54f0.36 690-554 

( 3 f 3 ) X  lob 0.83 3 +0.30 
-0.20 

-2.49 +0.12 
1986j (6.7:;:’) X 10’ -0.67 -0.04 -1,18-o.04 
1987a 411 f 51 -0.46f0.22 -1.37f0.33 -2.64f0.09 0.3f0.03 0.88 4 

References: ( I )  Weiler er af. (19%); (2) Panagia. Sramek. and Weiler (19%); (3) Weiler. Panagia. and Sramek (1990tadditional 

a For SN 1983n and 19841 it was auumed that fJ = (I - 3 - d (Chevalier model). 
absorption in the envelope; (4) present work. 
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the envelope. One can see that in all cases m exceeds 0.8 and is close to unity; 
this means that the envelope expands almost without deceleration: for m >0.81 
the parameter n that describes density distribution in the envelope is always 
larger than 7; this means that the density in the envelope falls off very sharply. 

If the envelope expands without deceleration (m = 1, n = a) then Eq. (14) 
transforms to: 

s tavq 
that is a = p. As is evident from Table 1, p is always quite close to a as predicted 
by Chevalier model (with the exceptions of pts. 3 to 5 where the model was put 
into the fitting procedure). 

3.2. The Synchrotron Self-absorption 
Although the model with free-free absorption in the gas of stellar wind of the 
pre-supernova was quite successful in describing the evolution of radio spectra, it 
requires rather large stellar mass-loss rate. For supernova 1979c, the rate should 
be 6 x 
solar mass per year (Weiler et al . ,  1986, 1990). It was suggested that the peak in 
the spectra of supernova radio emission was caused by the absorption not by 
thermal but rather by relativistic electrons which are responsible for the 
synchrotron emission (Slysh, 1990). The synchrotron self-absorption does not 
require any absorbing agent except the emitting relativistic electrons themselves. 

solar mass per year, and for supernova 1986j-as large as 2.4 x 

4. ACCELERATION OF RELATIVISTIC ELECTRONS 

4.1. The Mechanism and the Place of Acceleration 
The most likely place where acceleration to relativistic energies of particles 
responsible for the radio emission can occur is the shock wave travelling ahead of 
the expanding supernova envelope. It was also suggested that a pulsar accelera- 
tion by the stellar remnant in the center of the supernova may be responsible for 
relativistic particles (Shklovsky, 1981, Pacini and Salvati, 1973). Although this 
mechanism seems to be very attractive, it cannot provide a supply of relativistic 
particles for the radio emission at early phases, since the particles are prevented 
from coming out through a very thick supernova envelope. The acceleration by 
neutrinos, released when a neutron star is forming, was suggested by Bisnovatyi- 
Kogan ef  al. (1988). They showed that the interaction of the neutrinos with the 
matter of supernova envelope may lead to acceleration of particles (mostly 
positrons) to an energy of about 15 MeV. The principal reaction is: 

Ve + p 3 n + e + ,  (18) 
which has a cross-section cr = 2 X cm2. The total number of fast positrons 
released by the collapsing star is about 2 X lo4'. This is far less than is needed to 
produce radio emission even from the intrinsically weakest supernova 1987a. 
Additional acceleration in the shock region was demanded by the authors. 

In the model of Chevalier (1982) no details of the acceleration were specified. 
It was suggested that some modification of the statistical acceleration mechanism 
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proposed by Gull (1973) for SNR's is responsible for the production of relativistic 
particles in radio supernovae. The mechanism is the second-order Fermi 
acceleration on turbulent irregularities arising due to Rayleigh-Taylor instability. 
For such a fast phenomenon as supernova explosion, the statistical second-order 
Fermi acceleration has too low rate of energy increase. The first-order Fermi 
acceleration, like the shock wave acceleration proposed by Krymsky (1977), is 
more promising in this respect. The time scale for the first-order Fermi 
acceleration is (v ,y /vA)2  ZS lo4 less than the time scale of the statistical second- 
order Fermi acceleration ( v , ~  is the shock velocity about 10,OOO-20,OOO krn s-', v A  
is Alfven velocity of about 200 km s-I) (Berezhko Krymsky, 1988). Therefore, 
only the first-order acceleration will be considered here. 

4.2. The First-order Fermi Acceleration 

We will discuss the earliest stage of supernova evolution when the envelope is 
expanding freely, practically without any deceleration in the surrounding me- 
dium. The expanding envelope acts as a piston on the surrounding matter 
resulting in a shock wave travelling ahead of it. The surrounding medium is 
assumed to be a gas of the stellar wind, which was emitted by the presupernova 
before the explosion; the gas contained a magnetic field frozen in it. The gas 
density in the stellar wind varies with the distance from the star R as R-'; in that 
case the shock wave travels ahead of the piston with a velocity 1.19 times the 
velocity of the piston for strong shocks (Parker, 1961). In the region between the 
shock front and the piston (envelope), all gas, swept by the shock wave during 
expansion is located. Its density at the shock front is 4 times the density of the 
undisturbed stellar wind gas adjacent to the shock front, and increases towards 
the envelope. The gas velocity just behind the shock front is 3/4 of the shock 
velocity v,, and the temperature is kT = (3/32)rnpv:, where mp is the proton 
mass (Parker, 1961); the temperature decreases towards the envelope. At the 
shock front velocity of 10,OOO-20,000 km s-', t ical for supernovae, the tem- 
perature behind the shock may reach (1-4) x 10 K, or 100-400 keV. 

The most energetic particles, those which can traverse the shock front without 
appreciable curving of the trajectory, will increase their energy by A E  = ( v , / c ) E  
(for relativistic particles) after each crossing of the front (Krymsky, 1977). On 
both sides of the shock front there are regions of intense turbulence, from which 
the particles will be reflected and cross the front many times. As a result, a 
systematic acceleration of the particles takes place, and a power law energy 
distribution is established with an exponent very close to what is observed. The 
time scale of the acceleration can be estimated as follows. The energy of the 
particles is increasing according to: 

J P  

In(E/Eo) = (4/3)i(u, - u,) /c .  (19) 
where Eo is initial energy of the particle, i is the number of shock front crossings 
by the particle, u I  and u2 are velocities of the upstream gas and of the gas flowing 
from the shock front downstream, respectively, in the coordinate frame co- 
moving with the shock front (Bell, 1978a). For strong shocks (u ,  - u2) = (3/4)v,. 
The number of crossings needed to acquire energy E is found from the Eq. (19): 

i = (c /v , )  In(E/E,,). (19') 
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If the initial ener y of electrons Eo-m,c2 = 511 keV and the shock velocity is 
v, = 20,000 km s-[ then the energy E = 200m,c2 (typical energy for emission at 
6cm) will be acquired by the electron after 80 crossings. The thickness of the 
region behind the shock front where most of the accelerated particles are 
concentrated is about 0.07RS (R, is radius of the shock front) (see below). At each 
crossing, a particle traverses this region twice (forth and back). Therefore the 
total acceleration time is: 

I,,, = 2 X 0.07Rjlv. 
Particle velocity is v - c, so using Eq. (19’) one has: 

lac, = 0.14len, ln(EIEo), (20‘) 
where tenv = R,/v, is the envelope expansion time. For E = 200m,c2 I,,, = 0.741,,,, 
which means that at every stage of the expansion, the particles will have enough 
time to be accelerated up to the energy of 200m,c2. Using Eq. (20’) one can 
estimate maximum energy, which the particles may reach during expansion: 
E / E o  = 1265, or about 600 MeV. 

For this type of acceleration, Bell (1978b) calculated the volume synchrotron 
emissivity of particles accelerated by the shock: 

E ( V )  = 2.94 X 10-34(1.435 X 105)0.75-aLj(2n + 1) 

(the power index of v, must be 2a, not 4 n  as quoted by Bell), where a is the 
spectral index, v is the frequency, B is the magnetic field, f (2a  + 1) is a function 
of the order of unity weakly depending on a, n, is plasma electron density behind 
the shock front, rp, is a fraction of electrons with the energy lye times exceeding 
m,,v,2/2. It is the so called injection energy needed to start the acceleration 
mechanism that is to provide crossing of the shock front by particles. The 
mechanism of supply of such particles was not specified, this could be some type 
of plasma instability. Using experimental data from the Earth’s bow shock, Bell 
(1978b) made an estimate of the fraction of the injected electrons I), = and 
of their energy Eo = 4 X (m,vf/2), or rp, = 4. 

The piston velocity in young type I1 supernovae may be determined using 
radial velocity of Balmer absorption lines. The effective volume of the radio 
emitting region can be roughly calculated using Krymsky and Petukhov (1980) 
distribution of the accelerated particle density, which is increasing approaching 
the shock front (behind it) as d2, where d is the distance to the shock front. 
Upstream, ahead of the shock front, the particle density falls off exponentially, 
and the contribution from this region may be neglected. This distribution was 
obtained for the model of the point explosion, while here, we are dealing with the 
piston; nevertheless, we will use the distribution for crude estimates. It is easy to 
show that the effective volume of that distribution terminated at R, and 
concentration, varying as d” is: 

V,, = 4nR?/15 
and the effective thickness if 0.07RS. 
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Now we are in a position to determine physical properties of the stellar wind 
and magnetic field needed to generate radio emission from young supernovae. 
According to the model, assuming that the generation takes place in the region 
just behind the shock front, and the shock is strong, the density in this region 
must be 4 times ambient density of the undisturbed gas of stellar wind. The 
electron density upstream of the shock front can be calculated assuming free-free 
absorption following the Chevalier (1982) and Weiler et al. (1986) model of 
absorption by the stellar wind gas. The temperature is taken lo4 K. The results of 
such calculations are given in Table 2. The velocity of the shock front was taken 
to be 1.19 of the envelope velocity as given by the optical spectra. Using Eq. (21), 
the quantity n,B'+a was calculated. Taking into account a factor of 4, 
compression in the region of generation behind the shock front of the gas density 
and magnetic field and using electron density n,, determined from the free-free 
absorption (n, = 4neO), one can find the magnitude of the magnetic field B,  in the 
undistrubed region (B = 4Bo) upstream of the shock front. There are also values 
of the Alfven velocity in the stellar wind given in Table 2 vA = B0/(4nn0rn,)"2. 
The velocity of the stellar wind has to be much greater than the Alfven velocity, 
otherwise the gas motion will be controlled by the magnetic field. The solar wind 
velocity is, for example, an order of magnitude higher than Alfven velocity, that 
is why the coronal and interplanetary magnetic field is pulled out by the solar 
wind in radial direction, and its magnitude is inversely proportional to the 
distance. The magnetic field in the stellar wind should be of similar configuration. 
If we make an assumption that the stellar wind velocity is 5 times the Alfven 
velocity, then from the values of the Alven velocity given in Table 2, the stellar 
wind velocity exceeding lo00 km s-l is deduced, which is typical for the stellar 
wind of hot OB stars. The last row of Table 2 gives stellar wind rates calculated 
with this assumptions. For the supernova 1987a it is known almost certainly that 
the pre-supernova was a hot blue supergiant of type B3Ia, which could have a 
stellar wind with the velocity 550 km s-' and a rate of 2 X lop6 solar mass per year 
(Chevalier and Fransson, 1987), in reasonable agreement with Table 2. There- 
fore, in the case of the supernova 1987a, in the Large Magellanic Cloud, the 
stellar wind properties of the pre-supernova may satisfy requirements for the first- 
order Fermi acceleration on the shock front to provide the observed power of 
radio emission. 

Other type I1 supernovae 1980k and especially 1979c, had radio luminosity 
much higher than supernova 1987a, mostly because of the much larger emitting 
volume. The parameters of the stellar wind were almost the same as for 1987a, 

Table 2 Magnetic field and presupernova stellar wind as determined from the first-order Fermi 
acceleration 

~~ ~ 

I + *  SN Age Radius 5GHz volume 
name (days) (cm) emissiviry 

W m  -'HZ 
. _____.. 

1979c 349 3.3 x 10" 1.5 x 1,s x 10" 

198311 13 2.3 x 10" 4.2 x lo-*' 4.3 x 10lS 
1986j 399 8.2 x 10" 8.1 X lo-'' 5.36 x loi3 
1987a 0.63 1.9 x 1014 3.6 X 4.7 x 10" 

1980k 81 4.8X I O l 5  2.5X 1.6 x 10" 

~ 

1 . 6 ~  10' 0.028 157 4.3 x lo-' 
4.2X 10' 0.053 183 2.7 x 

3.2X 10' 0.92 3600 1.2 x 
6.0X 10' 0.90 2600 1.3 X l o - '  

2.1 x 10" 0.22 340 4.2 x lo-" 
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but at much greater distance from the star. As a result, the stellar wind rate has 
to be greater by 2 to 3 orders of ma nitude and exeed solar mass per year 
with the velocity of 700 to lo00 km s - ~ .  This means that the presupernovae had to 
be hot supergiants of spectral type 0 having very intense stellar wind. This 
conclusion is different from the results of Chevalier and Fransson (1987), who 
proposed a slow dusty wind from a red supergiant for the supernovae 1979c and 
1980k. Weiler et al. (1986) also assumed slow stellar wind with a velocity 
10 km s-', and for this reason their estimate of the stellar wind rate is much lower 
than ours. One can reduce the electron density by giving up the assumption of 
constant gas temperature lo4 K. Because of radiation and adiabatic cooling, the 
stellar wind temperature may drop to a much lower level. In the case of 
supernovae 1979c and 1980k radio emission at the frequency 1.4GHz has 
appeared 870 and 200 days after explosion, respectively, when the intensity of 
ultraviolet ionizing radiation providing heating had dropped to a very low level. 
The time scale of the radiation cooling of the stellar wind with density 
5 x lo4 ~ r n - ~  and temperature lo4 K is about 150 days. Therefore, the tempera- 
ture may drop to several thousand K. We have performed calculations for 
temperature of 1000 K. Although the electron density needed, decreased almost 
by a factor of 5, the Alfven velocity increased by a greater amount, and the stellar 
wind rate became somewhat higher. Thus, the decrease of the temperature does 
not reduce the rate of the stellar wind. 

The exceptionally high stellar wind rate required for the first-order Fermi 
acceleration mechanism makes its operation in radio supernovae unlikely. 
Therefore, the high density stellar wind free-free absorption is not needed any 
more, since the low frequency absorption can be provided by the synchrotron 
self-absorption. 

4.3. Shock Drift Acceleration 

The diffusive or the first-order Fermi acceleration is generally invoked for shocks 
that propagate parallel to the magnetic field direction. At oblique or quasi- 
perpendicular shock, the shock drift acceleration is more effective (Pesses et al. 
1982). Such shocks contain a strong electric field in the shock front due to the 
motion of the plasma across the magnetic field: 

(23) 
v s  E = - - B sin OR,,, 

where OBn is the angle between the shock normal and the magnetic field. The 
electric field is directed perpendicular both to the shock normal and to the 
magnetic field, so its vector lays in the plane of the shock. Energetic particles 
encounter the shock and drift along it in the direction of the electric field due to 
the gradient of the magnetic field at the shock with a drift velocity: 

C 

and can be accelerated by the electric field if they remain in the shock front long 
enough, or can return to the shock frequently enough. If a particle travels 
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distance A without changing direction, the maximum energy gained is: 

vs E = e - BA. 
c 

When the ambient particle density and energy density of waves is low enough A is 
of the order of characteristic scale of the shock. Thus, for the Earth's bow shock 
A - 10,OOO km, and with B = 3 X G and v, = 300 km s-' E = 90 keV, in 
agreement with observations. For supernovae A = 1015-1016 cm, B = 0.1 G ,  
v, = 10,000-30,000 km s-', and E = 1015-3 x 10l6 eV far in excess of the particle 
energy necessary to produce the radio emission. This flux of energetic particles 
will be unstable and will generate plasma waves that can stabilize the particle flux 
at a certain level. Unfortunately there is no way at  this moment to exactly 
calculate energy distribution and density of accelerated particles, and one can rely 
only on the experimental data from measurements in the bow shock. 

4.4. Acceleration by Lower-hybrid Waves 

This is a mechanism also efficient in quasi-perpendicular shocks. For solar bursts 
of type I1 associated with coronal shocks, it was proposed (Lampe and 
Papadopoulos, 1977) that the drift current V X B generates lower-hybrid waves 
that can stochastically accelerate electrons up to relativistic velocity. The 
acceleration is possible if the velocity of the waves is greater than electron 
thermal velocity and it may be as great as the speed of light. This is possible for 
waves with wave vector highly inclined to the magnetic field direction. Another 
possibility to excite the lower-hybrid waves is by ions reflected from the shock 
through the two-stream instability (Galeev, 1984). The energy that can be 
acquired by electrons with thermal distribution of temperature T, is (Lesch et al. 
1989) : 

- 1/2 - 114 112 

E=0.6GeV(--$) (2) (5) . 

For supernovae with n, = lo5 ~ m - ~ ,  T, = lo4 K and B = 0.1 G E = 200 eV, which 
is too small. On the other hand one can get higher energies using Galeev's (1985) 
estimate of the maximum energy of accelerated electrons: 

where vb is reflected ion velocity approximately equal to the shock velocity, w,,, 
and o,, are the electron plasma and cyclotron frequencies. With vb = 
30,000 km s-l and the above parameters for supernovae Em,, = 17 MeV. This is 
still about an order of magnitude less than is needed to generate radio emission. 
Moreover, the relaxation parameter z describing the excitation of waves by the 
reflected ions (Galeev, 1984) is so small in this case that the energy balance 
between ions and waves is not established and the Eq. (27) does not hold. We 
conclude that the acceleration by lower-hybrid waves is not able to supply 
electrons of sufficient energy for radio supernovae. 
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4.5. Experimental Evidence for the Shock Acceleration 

The evidence for the shock related energetic electrons comes from measurements 
made in the planetary bow shocks, interplanetary travelling shocks, and coronal 
shocks associated with type I1 solar bursts. For the latter, a so called herringbone 
structure may serve as a manifestation of the energetic electron acceleration. The 
herringbone structure is a series of short radio bursts similar to type 111 bursts, 
which emanate from the main type I1 burst generated by the coronal shock 
(Cairns and Robinson, 1987). From the frequency drift of the herringbone bursts, 
electron velocity of 0 . 0 5 ~ - 0 . 5 ~  was deduced. In the interplanetary travelling 
shocks, electrons accelerated up to 2 MeV were observed by spacecraft particle 
counters (Sarris and Krimigis, 1985). Finally near the Earth's bow shock 
energetic electrons with energies up to hundreds of electron-volts were observed 
in detail (for example, Anderson, 1974). So there is ample experimental evidence 
that shocks are able to accelerate energetic electrons. Numerical simulation also 
show the possibility of accelerating electrons to relativistic energies by shock 
waves (Ohsawa and Sakai, 1988). To know whether supernova shocks can 
produce electrons with still higher energies, it is necessary to extrapolate from 
existing experimental data or to use a good theoretical model. As compared to 
interplanetary or planetary shocks, the supernova shocks have much higher 
velocities (up to 0 . 1 ~ )  and Mach numbers. From the observed evidence that the 
herringbone structure in type I1 solar bursts is present only in strongest bursts 
(Cane and White, 1987) and that the intenstiy of type I1 bursts is proportional to 
the shock velocity in power of 2.4-3.1 (Lengyelle-Frey and Stone, 1989), one can 
expect that supernova shocks may produce more energetic electrons of higher 
energy. All available experimental evidence indicate that quasi-perpendicular 
shocks are more efficient than quasi-parallel shocks in acceleration of electrons. 
For interplanetary shocks, this was shown by Pyle ef  al. (1984): to accelerate 
electrons above 2keV, minimum shock velocity of 20kms-' is sufficient for 
quasi-perpendicular shocks, while for quasi-parallel shocks the velocity should 
exceed 160 km s-'. The quantity that is more relevant is v , ~ ~  = V,/COS OBn, where 
OB,, is the angle between the shock normal and the magnetic field, and u, is the 
shock velocity. 

According to Pyle et al. (1984), the energetic particles were observed for shocks 
with vsB 2 400 km s-', that is for large v, and small cos OB,, or quasi-perpendicular 
shocks. In the Earth's bow shock the energetic electrons are commonly found 
near perpendicular and quasi-perpendicular portions of the shock where the 
interplanetary magnetic field lines are tangent to the bow shock, but are rarely 
present near quasi-parallel portions (Gosling et al. 1989). So all the evidence 
seems to show that quasi-perpendicular acceleration is responsible for the 
acceleration of electrons. The quasi-parallel or diffusive shock acceleration 
evidently is not important. As was discussed in the previous section, two 
acceleration mechanisms were proposed for quasi-perpendicular shocks: shock 
drift and by lower-hybrid waves. The latter requires that intense lower-hybrid 
wave turbulence be present upstream and at the shock. This is not observed. The 
energy density of accelerated electrons is 5-6 orders of magnitude higher than the 
energy density of waves. Neugebauer et al. (1971) have measured the energy 
density of electrons in the energy interval 100-200eV from 1 to 5 k e V ~ m - ~ ,  or 
from 1.6 x to 8 x 10-9ergcm-3, while the intensity of the waves near 



D
ow

nl
oa

de
d 

B
y:

 [B
oc

hk
ar

ev
, N

.] 
A

t: 
12

:3
1 

18
 D

ec
em

be
r 2

00
7 

RADIO SUPERNOVAE 191 

frequency 10 Hz, where the lower-hybrid frequency is located, can be estimated 
as about 200 X 1O-’y Hz-”*, or 4 X lo-’’ erg cmW3. Similar values for the 
electroma netic turbulence in the frequency interval from 20 Hz to 4 kHz of 

waves are only minor energy component at  the shock and cannot be the source of 
energetic electrons. Besides, as was shown in the previous section, the lower- 
hybrid wave mechanism is not able to supply electrons of sufficiently high energy. 
One is left with the shock drift as a promising acceleration mechanism. 
Measurements of suprathermal electrons at the Earth’s bow shock by Gosling et 
al. (1989) may provide some details of the acceleration process. It was found that 
at energies below 20 keV the suprathermal electrons are most intense immedi- 
ately downstream from the shock and decrease in intensity deeper into the 
magnetosheath. The energetic electron spectrum extends smoothly out of the 
shocked solar wind spectrum as a power law in energy with an exponent in the 
range from -3 to -4, their angular distribution is generally isotropic immediately 
downstream of the shock ramp, but with increasing penetration into the 
magnetosheath an anisotropy perpendicular to the magnetic field develops. 
Upstream, the suprathermal electrons are observed as escaping along the 
magnetic field. These observations are interpreted as an acceleration of the 
suprathermal electrons out of the solar wind thermal population as the solar wind 
convects across the shock. In this case, the number of accelerated electrons 
should be proportional to the upstream density of the wind. In the case of 
supernovae the upstream density neO- 105-106~m-3 (see Table 2), or 4 to 5 
orders of magnitude higher than the solar wind density. The energy of electrons 
as estimated in section 4.3 can be as high as 10”-10’6 eV, or a factor of 10’0-10’1 
higher than in the Earth’s bow shock, if the shock drift mechanism is operating. 
So the ener y density of relativistic electrons in the supernova shocks may be a 
factor of 10 higher than in the Earth’s bow shock, or 1017-10’9 eV cm-3 = 
1.6 x 10’-1.6 X lo7 erg ~ m - ~ .  This is unrealistic since the energy density cannot 
exceed kinetic energy density of the shock, which is only 0.1-1 e r g ~ m - ~ ,  and 
must be close to the magnetic field energy density 3 X lo-’ - 3 x lo-* erg cm-3 as 
in the Earth’s bow shock. The limiting energy density of energetic electrons 
seems to be close to the equipartition with the magnetic field energy density. 

2.4 x 10- l$ erg cm-3 were given by Rodriguez and Gurnett (1976). Thus, the 

i5 

5. SUMMARY 

The radio emission that accompanies optical emission just after supernova 
explosions may be a common phenomenon. This emission is produced by 
relativistic electrons accelerated by the expanding envelope of supernovae. The 
exact mechanism of the acceleration at present cannot be specified, although 
there are evidences that the interaction of the supernova envelope with the 
circumstellar matter plays an important role. The second possibility, acceleration 
by a pulsar, seems to be unrealistic. There are observational indications of the 
existence of the circumstellar matter around supernova stars. Its origin could be 
stellar wind emitted by the star before explosion. This matter may be responsible 
for the low-frequency absorption in the spectrum of radio emission, although the 
synchrotron self-absorption could as well give rise to the low-frequency cut-off. A 
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shock wave travelling ahead of the envelope is the most likely place where the 
acceleration occurs. The Earth’s bow shock resulting from the interaction of the 
solar wind with the magnetosphere is known to accelerate electrons to high 
energies. By analogy one can speculate that the same process on a much larger 
scale is taking place at the supernova shocks. Three possible acceleration 
mechanisms were considered here. The first-order Fermi, or diffusive shock 
acceleration was applied to the supernova acceleration problem following Bell’s 
(1978b) prescription. A set of reasonable parameters was deduced for known 
radio emitting supernovae but the magnetic field proved to be rather high. The 
mass loss rates of stellar wind were also found to be too high. Also, the diffusive 
acceleration is evidently not responsible for the acceleration at the Earth’s bow 
shock. Thus, two mechanisms that can operate at quasi-perpendicular shocks 
were also considered. The acceleration by lower-hybrid waves generated at the 
shock was found not effective for supernovae but the shock drift acceleration is a 
more profitable mechanism. At the Earth’s bow shock it can produce energetic 
electrons with the energy density close to the magnetic field energy density. By 
extrapolating to the supernova shock parameters it was possible to get relativistic 
electrons in quantities sufficient for the equipartition with the magnetic field. It 
seems likely that the radio emission from supernovae can be produced by 
electrons accelerated by the shock drift mechanism. 
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