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ABSTRACT
The radio light curves of SN 1993J are discussed. We Ðnd that a Ðt to the individual spectra by a

synchrotron spectrum, suppressed by external free-free absorption and synchrotron self-absorption, gives
a superior Ðt to models based on pure free-free absorption. A standard r~2 circumstellar medium is
assumed and is found to be adequate. From the Ñux and cuto† wavelength, the magnetic Ðeld in the
synchrotron-emitting region behind the shock is determined to cm)~1 G. The strength ofBB 64(R

s
/1015

the Ðeld argues strongly for turbulent ampliÐcation behind the shock. The ratio of the magnetic and
thermal energy density behind the shock is D0.14. Synchrotron losses dominate the cooling of the elec-
trons, whereas inverse Compton losses due to photospheric photons are less important. For most of the
time also Coulomb cooling a†ects the spectrum. A model where a constant fraction of the shocked,
thermal electrons are injected and accelerated, and subsequently lose their energy due to synchrotron
losses, reproduces the observed evolution of the Ñux and number of relativistic electrons well. The
injected electron spectrum has dn/dcP c~2.1, consistent with di†usive shock acceleration. The injected
number density of relativistic electrons scales with the thermal electron energy density, oV 2, rather than
the density, o. The evolution of the Ñux is strongly connected to the deceleration of the shock wave. The
total energy density of the relativistic electrons, if extrapolated to cD 1, is D5 ] 10~4 of the thermal
energy density. The free-free absorption required is consistent with previous calculations of the circum-
stellar temperature of SN 1993J, K, which failed in explaining the radio light curves byT

e
D (2È10) ] 105

pure free-free absorption. Implications for the injection of the relativistic electrons, and the relative
importance of free-free absorption, Razin suppression, and the synchrotron self-absorption e†ect for
other supernovae, are also brieÑy discussed. It is argued that especially the expansion velocity, both
directly and through the temperature, is important for determining the relative importance of the free-
free absorption and synchrotron self-absorption. Some guidelines for the modeling and interpretation of
VLBI observations are also given.
Subject headings : acceleration of particles È radiation mechanisms : nonthermal È

supernovae : individual (SN 1993J)

1. INTRODUCTION

The radio emission from a young supernova provides an
important probe of the circumstellar environment of the
supernova In addition, the(Chevalier 1990 ; Fransson 1994).
time dependence of the physical conditions makes it a
unique laboratory for studies of relativistic particle acceler-
ation.

For the Ðrst radio supernovae to be well observed, SN
1979C and SN 1980K et al. a standard model(Weiler 1986),
to explain their radio light curves was soon developed

The basic feature of this model is external(Chevalier 1982b).
free-free absorption in a circumstellar medium of the syn-
chrotron emission, arising close to the supernova shock
wave. Because of the expansion, the optical depth decreases
as if the shock velocity is constant.qffP j2R

s
~3P j2t~3,

The intrinsic emission from the shock, i.e., the injection
efficiency of relativistic particles, as well as the magnetic
Ðeld, were assumed to scale with the thermal energy density
behind the shock. This and alternative scalings have been
discussed by This model has been suc-Chevalier (1996).
cessful in explaining the observations of ““ standard ÏÏ Type
IIs and with a knowledge of the tem-(Chevalier 1984),
perature, the mass-loss rate of the progenitor can be deter-
mined. Calculations of the temperature &(Lundqvist
Fransson show that K, and mass-loss1988) T

e
B 105È106
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rates of 3 ] 10~5 and 1.2] 10~4 yr~1 were derived forM
_SN 1980K and SN 1979C, respectively. The model has since

been applied to a number of other supernovae, although the
observational data for most of these have been less com-
plete.

With the recent Type IIb SN 1993J the most complete
data set of any supernova has become available Dyk(Van
et al. & Green When the free-free1994 ; Pooley 1993).
absorption model was applied to this, however, it was found
that only a poor Ðt was obtained (Lundqvist 1994 ;

Lundqvist, & Chevalier hereafterFransson, 1996, FLC96;
Dyk et al. An improved, although still unsatis-Van 1994).

factory, Ðt was obtained if the external density followed
o P r~d instead of o P r~2, where d \ 1.5È1.7. The reason
for this Ñatter proÐle was not clear, although speculations
about variations in the mass loss rate have been proposed.
Not surprisingly, even more complex models could improve
the Ðt, but at the expense of a larger number of free param-
eters without obvious physical meaning. A serious problem,
pointed out by was that the temperature in theFLC96,
circumstellar medium was K, resulting in a muchZ2 ] 105
smaller free-free optical depth than necessary to produce
the required absorption.

In this paper we discuss alternative explanations to the
free-free absorption model and show that the radio spectra
of SN 1993J are very well explained by a combination of
synchrotron self-absorption and external free-free absorp-
tion, explaining the anomalous behavior of SN 1993J, as
compared with other radio supernovae. Synchrotron self-
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absorption has been proposed to be responsible for the
low-frequency cuto† in Type Ib supernovae (Shklovskii

and has been discussed independently1985 ; Slysh 1990)
from the present analysis by &Chevalier (1998). Chevalier
Dwarkadas have proposed that the turn on of the(1995)
early radio emission of SN 1987A was determined by syn-
chrotron self-absorption. Several of the mechanisms below
were discussed by who, however, forChevalier (1982b),
good reasons discarded them for SN 1979C and SN 1980K.

In we discuss the synchrotron emissivity at a Ðnite° 2
density of thermal electrons, including the Razin-Tsytovich
e†ect, and in we apply this analysis to the spectra of SN° 3
1993J. First we use simple parameterized models with con-
stant spectral index and discuss the resulting Ðts for models
with the three di†erent suppression mechanisms, i.e., free-
free absorption, synchrotron self-absorption, and the
Razin-Tsytovich e†ect. After this we discuss a self-
consistent model where the spectral index is determined by
the various energy-loss mechanisms. In we then discuss° 4
the results of this analysis, and their implications for the
magnetic Ðeld, relativistic particle acceleration, and circum-
stellar temperature. contains models for the fullSection 5
light curves, while in we discuss the relative importance° 6
of the Razin-Tsytovich e†ect, synchrotron self-absorption,
and free-free absorption. In we make some comments on° 7
the analysis of VLBI observations of supernovae. The con-
clusions are summarized in ° 8.

2. ABSORPTION AND SUPPRESSION MECHANISMS FOR

THE SYNCHROTRON EMISSION

A main advantage in analyzing the individual radio
spectra for the various observed dates is that they are only a
function of the spectral index of the synchrotron emission,
the normalization of the spectrum, and a one-parameter or
at most two-parameter speciÐed function, describing the
e†ect of the external or emitting medium. In contrast, an
analysis based on the light curves of the di†erent wave-
length bands involves uncertain assumptions about the par-
ticle acceleration mechanism (e.g., FromChevalier 1996).
the time variation of the parameters involved in the Ðtting
of the individual spectra, we can instead hope to gain some
understanding of these uncertain, but extremely important,
properties of the particle acceleration.

For a homogeneous shell with a synchrotron optical
depth and with an external free-free medium, param-q

s
(t),

eterized by the optical depth at a wavelength j \ 1 cm,qff(t)Gaunt factor and impact parameter s, the spectrum isgff(j),
given by

Fl(j) \ 2n
AR

s
D
B2

Sl
P
0

1
(1[ e~qs(s,t))e~qff(s,t)gff(j)j2s ds , (1)

where

q
s
(s, t) \ q

s
(0, t)

(1 [ s2)1@2 , (2)

qff(s, t) \
P
Rs

= iff(r)ne(r)2r
(r2[ s2R

s
2)1@2 dr . (3)

Here, is the free-free opacity at 1 cm and is theiff n
ethermal electron density. is the source function,Sl Sl \

with the synchrotron self-absorption opacity andjl/il, il jlthe emissivity. Finally, and D are the radius of the emit-R
sting shell and the distance to the supernova, respectively.

We assume that the supernova ejecta are opaque to the
radio emission, as is most likely the case.

In the analysis in we assume that the column° 3.1.1,
density of electrons have a constant power law, giving a
synchrotron spectrum with index a. If we further replace

by an average over the disk, we then getequation (1)

Fl(j) \ S@(t)j~5@2(1[ e~–s(t)j(a`5@2))e~–ff(t)gff(j)j2 , (4)

where the parameter S@(t) is related to at 1 cm by S@\Slcm)/D2. The average optical depth over the disk,nR
s
2 Sl(1is given by where is the thickness ofq6

s
, q6

s
B 2i

s
*Rem, *Remthe emitting shell. In the optically thin limit, we have

Fl(j) B 2n
AR

s
D
B2

jl(t)*Rem e~–ff(t)gff(j)j2 . (5)

In the general case of a plasma with density magneticn
e
,

Ðeld B, and relativistic electron distribution N(c) (integrated
along the line of sight and assumed to have an isotropic
pitch angle distribution), the line-of-sight integrated emiss-
ivity is given by (Tsytovich 1951 ; Razin 1960 ; Pacholczyk
1970)

jl *Rem\ 1.87] 10~23B sin h
P
1

=
N(c) f

Al
p
c

l
B

] F
C l
lc f (l

p
c/l)3

D
dc , (6)

where h is the pitch angle, Hz is thel
p
\ 8.98] 103n

e
1@2

plasma frequency, and B sin hc2 is the critical fre-lc \ l0quency, where Hz. F(x) is given byl0\ 4.20] 106

F(x) \ x
P
x

=
K5@3(z)dz , (7)

where is the modiÐed Bessel function of order 5/3.K5@3(z)The function f (x)\ (1] x2)~1@2 represents the modiÐ-
cation due to plasma e†ects. Similarly, the synchrotron self-
absorption optical depth is given by

ql \ 1.02] 104 B sin h
l2

P
1

=
c2 d

dc
[c~2N(c)]

] f
Al

p
c

l
B
F
C l
lc f (l

p
c/l)3

D
dc . (8)

For a constant power-law distribution of electrons,
c~p, one ÐndsN(c) 4 Nrel

jl*Rem\9.33]10~24(1.40]10~4j)a

] (B sin h)(a`1)Nrel
P
0

=
g(x)F

C x
g(x)3

D
x(a~1)dx , (9)

where

g(x) 4
A
1 ] j

jR x
B~1@2

(10)

and a \ (p [ 1)/2. The critical wavelength, above whichjR,the emission is suppressed is given by

jR\ 3
4

B sin h
en

e
\
A n

e
1.56] 109 cm~3

B~1
B sin h cm . (11)

contains the pitch angle between the mag-Equation (6)
netic Ðeld and the electron velocity. Microscopically, the
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magnetic Ðeld may be random because of turbulence behind
the shock. In the integrated Ñux, as measured by the Very
Large Array (VLA), one observes a well-ordered Ðeld even
from di†erent directions, because of the spherical geometry
of the shock. We therefore average over allequation (6)
angles numerically. We also assume that the magnetic Ðeld
and density are constant over the emitting volume. Further-
more, to isolate the wavelength dependence from the varia-
tion in the normalization, we split the Ñux into one
wavelength-independent amplitude, A(t), and one spectral
function, P(j/jR0, a),

Fl(j) \ A(t)P(j/jR0, a) . (12)

Here

A(t) \ 5.86] 10~23
A n

e
2.19] 105 cm~3

B~a
B2a`1Nrel

AR
s

D
B2

(13)

and The spectral function P(y, a) is givenjR0\ jR(h \n/2).
by

P(y, a) \ ya
2
P
0

n
sin h(a`1)

P
0

=A
1 ] y

x sin h
B~1@2

] F
C
x
A
1 ] y

x sin h
B3@2D

x(a~1)dx d cos h ; (14)

P(y, a) is shown in for several values of a. TheFigure 1
averaged and nonaveraged spectra di†er only marginally
from each other. The averaged spectrum has a slightly shal-
lower slope close to the maximum.

At wavelengths longer than the emission is severelyjR0,suppressed. This e†ect has been referred to as alternatively
the Razin-Tsytovich e†ect or simply the Razin e†ect. In the
following we will for simplicity use the latter terminology.
The vacuum case is obtained for when f \ 1. ForjR0 ] O
wavelengths longer than the pitch angleÈaveragedjR0,spectrum falls o† as

Fl P Nrel Ba`1ja
A j
jR0

B(a~1@2)
e~(33@2@21@2)(j@jR0) (15)

The cuto† due to the Razin e†ect is therefore(Simon 1969).
less steep than that due to free-free absorption. This is

FIG. 1.ÈAngle-averaged synchrotron spectra, including the Razin
e†ect, for di†erent power-law indices, a. The Razin wavelength is given by

cm.jR0 \ 1.56] 109B/n
e

important for the shape of the spectrum at long wave-
lengths.

The relevant values of and B depend on the particlen
eacceleration site. If this is in the shocked circumstellar gas,

will be a factor of 4 higher than the electron density in then
ewind. In and the X-ray emission ofFLC96 Fransson (1998)

SN 1993J at early and late times is modeled. To reproduce
the observed X-ray Ñux, a mass-loss rate of M0 B 5 ] 10~5

yr~1 is required, for a wind velocity of km s~1.M
_

u
w

\ 10
With a factor of 4 compression, and X(He)/X(H)\ 0.3 (e.g.,

et al. the electron density immediatelyShigeyama 1994),
behind the circumstellar shock is

n
e
\ 4.36] 108M0

A R
s

1015 cm
B~2

\ 1.46] 108M0
A V
2 ] 104 km s~1

B~2

]
A t
10 days

B~2
cm~3 . (16)

The similarity solution by shows that theChevalier (1982a)
density behind the circumstellar shock is fairly constant (see
also Fig. 3 in and we will useFLC96), equation (16)
throughout the shocked region. We have here for future
convenience deÐned a normalized mass loss, rate byM0 ,

M0 4
A M0
5 ] 10~5 M

_
yr~1

BA u
w

10 km s~1
B~1

. (17)

In it is argued that V B 2 ] 104 km s~1 at D10FLC96
days. VLBI observations (Marcaide et al. 1995a, 1995b,

et al. give an expansion velocity for the1997 ; Bartel 1994)
radio-emitting plasma of D(1.8È2.4)] 104 km s~1 during
the Ðrst D100 days. Consequently, we scale our results to
V \ 2 ] 104 km s~1. The motivation for this and the evolu-
tion of the velocity is discussed further in ° 3.2.3.

With this density, is given byjR0

jR0 \ 10.7M0
A B
1 G
BA V

2 ] 104 km s~1
B2A t

10 days
B2

cm .

(18)

The magnetic Ðeld in the emitting region therefore has to be
less than D1 G, or alternatively, large, for the RazinM0 /uwe†ect to be important.

3. APPLICATION TO SN 1993J

Although radio observations are available for a large
number of supernovae (e.g., et al. for a review),Weiler 1998
SN 1993J is unique in terms of the frequency of obser-
vations, small errors in the observed Ñuxes, and the large
wavelength coverage. It is therefore by far the object best
suited for a detailed analysis. Observations have been
published by Dyk et al. and et al.Van (1994) Weiler (1998)
for 1.33È21 cm from 5 to 1300 days and by & GreenPooley

at 2 cm from 8 to 114 days. In addition, there is one(1993)
set of VLA observations at 923 days for 1.3È90 cm (Montes
et al. A few millimeter observations with IRAM and1995).
OVRO also exist Phillips & Kulkarni(Radford 1993 ; 1993a,

The Ñuxes of the millimeter observations do,1993b).
however, not agree at similar epochs, and it is difficult to
judge the accuracy of these observations. For the modeling
of the spectra in this paper, we use the VLA observations by
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Van Dyk et al. and Weiler et al., as well as the day 923
observation by Montes et al. In we also include the Ryle° 5
telescope observations by & Green as well asPooley (1993),
the VLA dates having only a partial spectral coverage, in
particular, before D10 days.

Our strategy is Ðrst to investigate the simplest models,
based on a pure power-law electron and synchrotron spec-
trum, studying one suppression mechanism at a time. By
analyzing the results of this, in particular, the consistency of
these models, we test their validity as well as explore the
likely range of the relevant physical parameters, in particu-
lar, the magnetic Ðeld. However, as a result of the failure of
these simple models we are in led to a more detailed° 3.2
analysis, taking all the relevant physical processes into
account.

3.1. Constant Spectral Index Fits
3.1.1. One-Component Models

We will now use assuming here a constantequation (4),
spectral index a \ (p [ 1)/2, in the three limiting cases :
(1) free-free absorption, q

s
\ 0, qff D 0, j > jR0 ;

(2) synchrotron-self absorption, q
s
D 0, qff \ 0, j > jR0 ;

(3) Razin suppression, In the free-q
s
\ 0, qff \ 0, j B jR0.free and Razin cases we use the optically thin expression,

In all three cases there are three parametersequation (5).
characterizing the spectrum: (1) the overall normalization
of the synchrotron spectrum; (2) the power-law index of the
radiation (a) ; (3) the optical depth to free-free absorption

synchrotron self-absorption or the Razin cuto†(qff), (q
s
),

wavelength For each date we Ðt the observed spec-(jR0).trum with the set of parameters that minimizes s2. The
value of a is determined by minimizing the scatter of the
overall light curves ; in the Razin case, especially the spectral
region where and for the free-free and synchrotronj > jR0,self-absorption cases the spectral region where q(j) > 1. As
we discuss below, there are reasons to expect that, because
of cooling, a varies with time and frequency. This will be
discussed in detail in ° 5.

In we show the observed Ñuxes at 1.3, 2.0, 3.6,Figure 2
6.2, and 21 cm at 11.5, 22.3, 40.1, and 75.1 days. These dates
were picked to cover well the exponentially damped part of
the spectrum. The solid line represents the best Ðt Razin
spectrum, while the dashed line is the best-Ðt free-free
absorption spectrum, and the dotted line shows the same

FIG. 2.ÈObserved VLA spectra at four epochs, from Dyk et al. together with Ðts based on a Razin-suppressed synchrotron spectrum (solidVan (1994),
line), external free-free absorption (dashed line), and synchrotron self-absorption (dotted line).



No. 2, 1998 RADIO EMISSION IN SN 1993J 865

for the synchrotron self-absorption case. In the Razin case,
a \ 1.25^ 0.1 gives the best Ðt. In the free-free case, a \ 0.8
is indicated, while the best Ðt in the synchrotron self-
absorption case is obtained for a \ 0.7. The reason for this
di†erence in a is that the Razin e†ect a†ects the spectrum
well below and Ñattens the overall spectrum. The free-jR0free absorption sets in more abruptly and has less of an
e†ect at short wavelengths (cf. eqs. and[5] [15]).

From it is obvious that the Razin spectrum givesFigure 2
a superior Ðt to the observations compared with free-free or
synchrotron self-absorption. Only when all wavelengths are
close to the nonsuppressed level, as at 40.1 days, do free-free
and synchrotron self-absorption provide acceptable Ðts.
Otherwise the free-free spectrum underestimates the Ñux,
while the synchrotron self-absorption overestimates above
the wavelength cuto†. At days, all models give rea-t Z 200
sonable Ðts because of the decreasing importance of the
Razin e†ect, synchrotron self-absorption, and free-free
absorption at cm.j [ 20

Because the Razin Ðt provides the best one-component
Ðt, we now analyze the implications and consistency of this
model in more detail. We have therefore calculated the best
Ðt for all dates that have enough frequency points (three for
t \ 16 days, four for 16 \ t \ 75 days, and Ðve for 75
days \ t). The Razin wavelength, and the normal-jR0,ization parameter A(t) (in mJy) (see are calculatedeq. [12])
for these dates and shown in During the wholeFigure 3.
period the Razin wavelength shows a very smooth evolu-
tion. The solid line in shows a simple power-law ÐtFigure 3
to the evolution, determined by a least-squares Ðt. Using

FIG. 3.ÈDerived values of and A(t) from the Ðts to thejR0P B/n
eRazin model. The solid line gives a best linear Ðt to the log vs. log tB/n

erelation.

the ratio can be Ðt with the functionequation (11), B/n
e

B
n
e
\ 6.6] 10~10

A t
10 days

B0.86
(19)

with an rms of only ^0.013 in the exponent. Inserting
into the magnetic Ðeld can beequation (16) equation (19),

obtained for the same region as a function of time :

BB 9.6] 10~2M0
A V
2 ] 104 km s~1

B~2A t
10 days

B~1.14
G .

(20)

To calculate the total number of relativistic electrons we
eliminate in equations and the magnetic Ðeld and(12) (13)
electron density by using equations and and Ðnd(20) (16)
with p \ 3.5

Fl \ 1.14] 10~23M0 2.25
A V
2 ] 104 km s~1

B~2.5
Nrel

] P
A j
jR0

BA t
10 days

B0.5
mJy . (21)

The observed spectral evolution can for days bet [ 100
Ðtted by

Fl \ 1.6] 102P
A j
jR0

BA t
10 days

B0.62
mJy . (22)

Therefore,

Nrel \ 1.4] 1025M0 ~2.25
A V
2 ] 104 km s~1

B2.5

]
A t
10 days

B0.11
cm~2 (23)

for days.t [ 100
As a consistency check of the assumption of fromq

s
> 1,

we can now calculate the synchrotron self-equation (8)
absorption optical depth with the above values of B and

One then Ðnds that, because of the Razin suppressionNrel.of the opacity, the optical depth at does not exceed 0.1jR0at any time.
A fatal problem for the Razin model occurs when we

estimate the energy density of relativistic electrons, urel.We will be conservative here and just include electrons
with Lorentz factors responsible for the observed
spectrum between 10 and 100 days, i.e., wavelengths
of 1.3È6.3 cm, giving 1.1] 102(t/10 days)0.57 [ c[ 2.4
] 102(t/10 days)0.57. From and p \ 3.5 weequation (23)
Ðnd that the energy per unit area within this band is
D4.7] 1015(t/10 days)~0.75 ergs cm~2, which is only
weakly dependent on p. As we show in with° 3.2.1 [eq. [37]

days)~0.9 ergs s~1], inverse ComptonL bol B 4 ] 1042(t/10
losses are in this case likely to be important down to cB 30.
This implies in the Razin case that the inverse Compton
timescale during the Ðrst 100 days is tComp D 0.36(t/10
days)2.4 j0.5 days. The thickness of the emitting region is

or for j D 3 cm*Rem B V tComp/4, *Rem B 2.5] 1013(t/10
days)2.4 cm. The energy density is then urel B 1.9] 102(t/10
days)~3.1 ergs cm~3. This can be compared with the
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thermal energy density behind the shock, uthermal B 3.4
days)~2 ergs cm~3, which is only slightly] 102M0 (t/10

higher than urel.Our estimate of is most likely a serious underestimate,urelsince we have only included the spectrum between wave-
lengths 1.3 and 6.3 cm [already at 21 cm, cD 60(t/10
days)0.57]. In reality, one should extrapolate the electron
spectrum down to cD 1, which could increase the energy
density by a factor of c(j \ 1.3 The exactcm)1.5Z 300.
factor depends on the detailed cooling processes as well as
the form of the spectrum close to cD 1 and is therefore
model dependent. However, this will not alter our main
conclusion that the energy density of relativistic electrons in
this model is likely to exceed the energy density of thermal
particles by a large factor, which is unrealistic in any model
for the particle acceleration and rules out this model.
Typical values of the injection efficiency are instead [10~2
(e.g., The main reason for this problem isChevalier 1982b).
the weak magnetic Ðeld and the steep power-law index
derived from the Razin cuto†. Because thisFlP NrelBa`1,
results in a very large value of Nrel.

3.1.2. Synchrotron Self-Absorption Plus Free-Free External
Absorption

The fact that the Razin model requires an unrealistically
large density of nonthermal electrons, because of the low
magnetic Ðeld, forces us to more complex models. The most
natural one is then a combination of synchrotron self-
absorption and external free-free absorption. The latter
component has the e†ect of suppressing the too high Ñux at
long wavelengths in the synchrotron self-absorption model.
As we will Ðnd, this model also solves the efficiency problem
above by requiring a higher magnetic Ðeld, while at the
same time giving a free-free absorption consistent with
earlier estimates in FLC96.

To model the combined absorption, we now use equation
integrated over the supernova disk, but still assuming a(1),

Ðxed spectral index. We then have cm) and cm) asq
s
(1 qff(1free parameters, in addition to a and S@.

For a given temperature, and including the GauntT
e
(r),

factor, the free-free optical depth along a ray withgff,impact parameter s is given by

qff(t, s) \ 5.63] 1053M0 2j2 (1 ] 2X)
(1 ] 4X)

]
P
Rs

= M[2.78] log [jT
e
3@2(r)]N

T
e
(r)3@2r3(r2[ s2R

s
2)1@2 dr , (24)

where X \ X(He)/X(H). is therefore sensitive to theqffradial temperature proÐle, as well as its dependence on
time. & Fransson as well as haveLundqvist (1988), FLC96,
discussed the determination of this extensively, and it is
found that at radii cm the gas cools rapidly from[1 ] 1016

K to D2.5] 105 K, while at large radii the tem-Z1 ] 106
perature is fairly constant at D(2È2.5)] 105 K. Therefore,
as the shock propagates outward, the gas close to the shock
will initially have a decreasing temperature, while later it
will be more constant. This is seen clearly for SN 1993J in
Figure 11 of While this behavior is probably quiteFLC96.
generic, the details of the radial variation depend strongly
on the properties of the shock radiation (see ° 4.1).

In this paper we use a simple parameterization of the
temperature proÐle, assumed to be constant with time, and

given by

T
e
(r) \ max

C
T15
A1015 cm

r
Bd

, 2 ] 105 K
D

. (25)

We then vary the parameters and d to get an optimumT15Ðt of the spectra. Although indicative of the actual tem-
perature, should only be interpreted as a con-equation (25)
venient Ðtting formula. The reason is that the fundamental
parameter for the Ðtting of the spectra is not but ratherT

e
(r),

As shown by the same canqff(t). equation (24), qff(t)be obtained by di†erent and as long asM0 T
e
(r), M0 2]

/ dr B constant. Di†erent temperature proÐlesT
e
(r)~3@2r~4

can therefore yield the same result for The value ofqff(t). T
egiven by should therefore only be interpretedequation (25)

as a weighted average. Also, the dependence of onT
e

M0
should be kept in mind when interpreting the results.

We have calculated the best Ðt for di†erent values of a,
and d, when S@(t) and are varied for each date. WeT15, q

s
(t)

Ðnd that good Ðts are obtained for d \ 1.0 and T15 \ 2.75
] 106 K, with Larger and smaller values of dsl2\ 1.4È1.5.
give considerably higher The free-free absorption is wellsl2.determined only by the spectra and light curves later than
D10 days. We have tested di†erent values of the spectral
index and Ðnd that we get a best Ðt with a \ 0.85, or
p \ 2.7. Because the quality of the Ðt is very similar to that
in the more detailed model in we do not show itFigure 8,
here.

In we show the evolution of the wavelength atFigure 4
which the synchrotron self-absorption optical depth is

FIG. 4.ÈEvolution of and the scaled source function S@(t) \jqssa/1for the synchrotron self-absorption model with external free-nS(t)R(t)
s
2/D2

free absorption.
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unity, and the scaled source functionjqssa/1 \ q
s
(t)~1@(5@2`a),

at 1 cm, S@(t). A least-squares Ðt to the observations for
10\t\100 days gives

jqssa/1 \ j10
A t
10 days

Bqj
, (26)

with cm and For days thej10\ 1.07 qj\ 0.68. t Z 100
evolution gets steeper and cm and Thej10 \ 0.81 qj \ 0.81.
dispersion in the exponent is ^0.03. Similarly, the variation
in S@ can for 10È100 days be Ðtted by

S@(t)\ S10
A t
10 days

BqS
, (27)

where mJy and while at later timesS10 \ 60.1 qS\ 2.43,
days) the evolution is less steep with(Z100 S10 \ 1.67

] 102 mJy and qS\ 2.00.
Knowing and S@(t), we can now calculate thejqssa/1(t)magnetic Ðeld and the column density of relativistic par-

ticles :

B(t) \ 9.45] 10~8c(p)2
AR

s
D
B4

S@(t)~2 , (28)

where

c(p) \ (p ] 7/3)
(p ] 10/3)(p ] 1)

]
![(p ] 8)/4]![(p ] 5)/4]![(3p [ 1)/12]![(3p ] 7)/12]
![(p ] 6)/4]![(p ] 7)/4]![(3p ] 2)/12]![(3p ] 10)/12]

(29)

and ! is the gamma function. The column density of rela-
tivistic particles is then given by

Nrel(t) \
1.98] 1017

(1.18] 10~2)p

]
![(p ] 8)/4]

(p ] 10/3)![(p ] 6)/4]![(3p ] 2)/12]![(3p ] 10)/12]

] B~(p`2)@2jqssa/1~(p`4)@2 cm~2 .

(30)

As is seen from equations and both B(t) and(28) (30),
depend on which in turn is determined by theNrel(t) R

s
(t),

ejecta structure. In this section we assume for simplicity a
constant velocity of V \ 2.2] 104 km s~1 (see ° 3.2.3).

The resulting magnetic Ðeld and column density are given
in During most of the observed interval theFigure 5.
decrease in B is approximately a power law, and such a Ðt
gives

B(t) \ 25.5
A t
10 days

B~0.93B0.08A V
2.2] 104 km s~1

B4
G .

(31)

Within the errors, is nearly constant, although theNrel(t)scatter increases considerably for days. The level oft Z 100
in should be compared with that in the RazinNrel Figure 5

model from Because of the higher magnetic Ðeld, and° 3.1.1.
most importantly the smaller value of p, is roughly 6Nrelorders of magnitude smaller than for the Razin model.

FIG. 5.ÈEvolution of the magnetic Ðeld and column density of rela-
tivistic electrons in the synchrotron self-absorption plus external free-free
absorption model.

With the magnetic Ðeld in we can calculateequation (31)
the Razin wavelength from equation (18)

jR0 \ 3.5] 102M0
A V
2.2] 104 km s~1

B2A t
10 days

B
cm .

(32)

Comparing equations and we Ðnd that the Razin(26) (32)
e†ect in this model is unimportant.

Although the above results are of great interest, and will
be discussed in detail below, there are several deÐciencies in
the analysis. The most serious limitation is that we have
assumed a constant power-law electron spectrum, i.e.,
neglected possible losses by radiation or collisions. There-
fore, we will now, at the expense of a more complicated
model, discuss a self-consistent analysis of the observations.
The discussion in this section, however, is of great help in
order to understand the di†erent processes involved, as well
as being a guide to the values of B and and their sensi-Nreltivity to di†erent parameters.

3.2. Self-consistent Analysis
3.2.1. Energy L osses of the Nonthermal Electrons

For formulating a self-consistent analysis, it is necessary
to discuss possible energy losses of the electrons that will
a†ect the integrated electron spectrum, and therefore also
the emission from the plasma. To estimate these e†ects, we
assume in this subsection that the magnetic Ðeld behaves
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like

B(R
s
) \ B10

A t
10 days

B~1
, (33)

where parameterizes the strength of the Ðeld. From ourB10earlier discussion and anticipating the results below, we
expect G, to which we scale our estimates. ToB10 B 30
express our results as a function of time rather than radius,
we use in this section R(t) \ 1.72] 1015(t/10 days) cm, cor-
responding to a constant velocity of V \ 2 ] 104 km s~1.

We Ðrst estimate the typical Lorentz factor for the rela-
tivistic electrons responsible for the radiation at wavelength
j from cB 85(jB)~1@2, or

c\ 15.5
A t
10 days

B1@2A B10
30 G

B~1@2
j~1@2 . (34)

The synchrotron lifetime for an electron to decrease its
energy by a factor of 2 is

tsynch
t

\ 1.0c~1
A B10
30 G

B~2A t
10 days

B
. (35)

In terms of the observed wavelength, this becomes

tsynch
t

\ 6.4] 10~2 j1@2
A B10
30 G

B~3@2A t
10 days

B1@2
. (36)

It is obvious that synchrotron losses are important
throughout most of the observed period.

Because of the strong background radiation Ðeld from
the supernova, inverse Compton losses may be important
for the relativistic electrons. One can estimate the timescale
for this from

tComp
t

\ 3
16n

m
e
c2

cpT JBol
B 40c~1

A L Bol
1042 ergs s~1

B~1

]
A V
2 ] 104 km s~1

B2A t
10 days

B
, (37)

where and are the bolometric mean intensity andJBol L Bolluminosity, respectively.
The bolometric luminosity has contributions from both

the ejecta, powered by the thermal energy from the passage
of the shock and later by radioactive decay, and radiation
produced by the circumstellar interaction. The ejecta Ñux is
emitted mainly in the optical and at early time also in the
UV. We estimate the ejecta luminosity from the bolometric
luminosity calculated by Baron, & BranchYoung, (1995),
from observations by et al. and etRichmond (1994) Lewis
al. Unfortunately, the reddening is uncertain. A(1994).
range in of 0.08È0.32 has been estimated by Rich-E

B~Vmond et al. Unless otherwise stated, we will use E
B~V

\
0.08 in the following.

The luminosity in X-rays from the circumstellar and
reverse shocks are calculated in andFLC96 Fransson

The circumstellar shock is important only for(1998). t [ 10
days, and based on Figure 8 in scaled to weFLC96, M0 \ 1,
estimate days)~1.2 ergs s~1. ToL cs\ 3.1] 1041(t/10
include both the in-going and outgoing radiation we multi-
ply the results in by a factor of 2. InFLC96 Fransson (1998)
the evolution of the reverse shock luminosity is calculated
for realistic density proÐles, and it is found that L rev \ (1È2)
] 1041 ergs s~1.

The mean intensity, of the di†erent luminosity com-J
i
,

ponents at the position of the circumstellar shock is given
by where isJ

i
\ W L

i
/4n2R

i
2, W \ 12M1 [ [1 [ (R

i
/R

s
)2]1@2N

the dilution factor. The radius stands for either theR
iphotospheric radius, or the shock radius in the twoRph,cases. For The radiation fromRph>R

s
, JBL ej/16n2R

s
2.

the shocks is more isotropic at the circumstellar shock.
Depending on the thickness of the circumstellar shock and
the location of the acceleration zone, one expects that Rs B(1.0È1.3)Rrev.In we show the resulting total mean intensityFigure 6
multiplied by together with the individual contri-16n2R

s
2,

butions from the ejecta and the shock waves for InM0 \ 1.
the case that this essentially gives the total lumi-R

i
> R

s
,

nosity from component i. During the Ðrst D100 days, the
radiation density is dominated by the ejecta, with an
increasing contribution from the reverse shock, and can be
approximated by days)~0.9 ergs s~1.L bol B 4 ] 1042(t/10

The Compton scattered optical photons from the ejecta
and the thermalized X-rays from the reverse shock emerge
at keV. For our parameters, the lumi-hl B c2hl0B 0.1È100
nosity in this range is ergsD2.5] 1035(L synch/1037

ergs s~1) ergs s~1. The free-free Ñux from thes~1)(L bol/1042
shock therefore dominates the X-rays. One can(FLC96)
also show that the ratio between Ðrst- and second-order
Compton scatterings is small.(Rees 1967)

Knowing both the magnetic Ðeld and the radiation
density, we can calculate the critical value of the Lorentz
factors, and for which the synchrotron andcsynch cComp,Compton timescales are equal to the expansion timescale.
In this is shown as the solid line. We also show theFigure 7
approximate value of c for the electrons responsible for the
emission at 1 and 21 cm, and respectively, asc1 cm c21 cm,
given by Clearly, synchrotron losses are moreequation (34).
important than inverse Compton losses at all times.

Coulomb losses can also be important for the relativistic
electrons. For these electrons the ratio of the Coulomb
timescale to the expansion timescale is given by

tCoul
t

\ 8.9] 10~3cM0 ~1
A V
2 ] 104 km s~1

B2A t
10 days

B
.

(38)

For days)~1 Coulomb losses arec[ cCoul \ 1.1] 102(t/10
important. We should also compare with the synchro-tCoultron timescale, and we Ðnd that for

c[ csvC \ 8.62M0 1@2
A B10
30 G

B~1A V
2 ] 104 km s~1

B~1
(39)

FIG. 6.ÈEvolution of the mean intensity, J, at the shock, for E
B~V

\
0.08, yr~1, and km s~1. The quantityM0 \ 5 ] 10~5 M

_
u
w

\ 10 16n2R
s
2 J

is essentially the total luminosity at the shock.
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FIG. 7.ÈLorentz factor, for which the synchrotron,csynch, cComp, cCoul,inverse Compton, and Coulomb loss times, respectively, are equal to the
expansion time. The dot-dashed line shows the region below which
Coulomb losses are more important than synchrotron losses. Below the
line ABC Coulomb losses dominate, and above the line ABD synchrotron
losses dominate, while the region CBD is adiabatic. The typical c
responsible for the emission at 1 and 21 cm are shown as solid lines.

Coulomb losses dominate synchrotron losses. In Figure 7
we show and for We note that is inde-cCoul csvC M0 \ 1. csvCpendent of time and that especially at early times Coulomb
cooling is important for the longer wavelengths.

Synchrotron and inverse Compton losses steepen the
electron spectrum index by one (e.g., andPacholczyk 1970,

below). Coulomb losses have the opposite e†ect to syn-° 5
chrotron losses in that the electron spectrum index Ñattens
by one power, compared with the injected spectrum. There-
fore, with the parameters in we expect that beforeFigure 7,
D100 days (i.e., when the electron spectrumcsynch D cCoul)will be Ñattened by one power for energies below andcsvCsteepened by one power above In reality, bothcsvC.Coulomb and synchrotron compete in the regions
responsible for the observed emission, and the spectral
index is intermediate between these values. Later than
D100 days, the electron spectrum will have three regions,
one between where the spectrum is equalcCoul\ c \ csynch,to the original input spectrum, while below and above this
region the spectrum is Ñattened and steepened by one
power in energy, respectively. We return to this issue in ° 5.

3.2.2. Calculation of the Electron Spectrum

For the acceleration of the relativistic electrons, once they
have been injected from the thermal pool, there are at least
two possibilities. First-order Fermi acceleration across the
circumstellar shock is an obvious candidate, but acceler-
ation in the turbulent region close to the contact discontin-
uity is also a possibility Blondin, & Emmering(Chevalier,

The timescale of acceleration depends on the spatial1992).
di†usion coefficient, and therefore on the mean free paths.
Only rough estimates of the timescale based on modeling of
the radio emission from SN 1987A are available &(Ball
Kirk Ball, & Kirk From the expression1992 ; Du†y, 1995).
given by & Kirk for the variation of Ñux withBall (1992)
time (their eq. [8]) we Ðnd that the rise is likely to be very
rapid, days. Here, we therefore assume that thetacc > 10
electrons are accelerated almost instantaneously (i.e., tacc >

with a spectrumtComp, t), Pc~pi.
In calculating the electron distribution we use the

equation

LN(c)
Lt

\ L
Lc
C c
tloss

N(c)
D

] L
Lc
G
E(c)c2 L

Lc
CN(c)

c2
DH

[N(c)
tesc

] (p
i
[ 1)V nrel
4cmin

Acmin
c
Bpi

. (40)

The Ðrst term on the right-hand side takes all energy losses
into account, with a total energy loss timescale given by

tloss\
A 1
tsynch

] 1
tComp

] 1
tCoul

] 1
t
B~1

. (41)

The Ðrst three terms on the right-hand side of equation (41)
are already deÐned, while the last term takes adiabatic
losses into account. In the second term, whereequation (40)
E(c) is given by

E(c)\ 1
2m

e
2 c2

P
j(l, c)

Jl
l2 dl , (42)

accounts for the heating of the nonthermal electrons by the
radiation. In this, j(l, c) is the single electron emissivity. The
third term of describes the escape of particles,equation (40)
either as a result of advection toward the contact discontin-
uity, and subsequent energy degradation by collisions in the
high-density gas, or as a result of actual escape. Finally, the
last term gives the number of injected electrons with energy

per second and unit area, which we assume to becm
e
c2

instantaneously accelerated at the shock. A similar equation
was Ðrst used by to discuss the thermaliza-McCray (1969)
tion of the electron distribution, when synchrotron self-
absorption is important, while the form given here is
basically that used by Kool, Begelman, & Sikorade (1989).
The equation assumes that the electrons are relativistic, but
given our ignorance of the details of the injection process,
which certainly inÑuences the distribution for cD 1, this is
sufficient. is solved by the semi-implicitEquation (40)
method of & CooperChang (1970).

If we assume that the self-absorption e†ects are small and
that the escape term can be ignored to a reasonable approx-
imation, as is conÐrmed by the detailed calculations in ° 5,
we can write down the stationary solution to equation (40)
as

N(c) \ nrel V t
4cmin

A c
cmin

B~piA
1 ] t

tCoul
] t

tComp
] t

tsynch

B~1
.

(43)

With this electron spectrum we can calculate the synchro-
tron emissivity and opacity from the general expressions in
equations and as well as the source function, and(6) (8),
Ðnally the synchrotron spectrum as function of time.

Because V (t), and are determined from otherL bol, M0
observations we have for each spectrum two(° 3.2.3),
parameters, and B. We have to further assume a speciÐcnrelinput spectrum for the electrons (i.e., which we take to bep

i
),

constant with time.

3.2.3. Velocity Evolution

The magnetic Ðeld and electron density depend on the
velocity evolution of the shock, i.e., on (e.g., TheR

s
eq. [28]).

velocity of the shock region is in turn sensitive to the density
structure of the ejecta. If the ejecta density is approximated
by a power law with an exponent n, the shock radius varies
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as where, for an wind, m\ (n [ 3)/(n [ 2)R
s
P tm, n

e
P r~2

A Ñat density proÐle, causes the(Chevalier 1982a). n [ 7,
shock to slow down, while a steep proÐle, gives an Z 20,
shock of fairly constant velocity. Unfortunately, the density
structure of the ejecta is uncertain, depending on an equally
uncertain progenitor structure. Optical line proÐle obser-
vations of SN 1993J provide some constraint on V (t). This,
however, refers to the ejecta gas and not directly to the
radio emitting plasma, which is likely to be 20%È30%
farther out. Also, if there is a change in the density gradient,
one can expect a lag of the adjustment to the new gradient.

The most direct information about the size of the radio
emitting region comes from VLBI observations. During

the Ðrst 92 days et al. found roughly undecel-Bartel (1994)
erated expansion, m\ 0.96^ 0.07, with a velocity
V \ 19,000^ 3000 km s~1. Most of the uncertainty in V
comes from the M81 distance errors, D\ 3.63^ 0.34 Mpc

et al. which do, however, not enter in m.(Freedman 1994),
At later times, 182È1304 days, et al. ÐndMarcaide (1997)
strong evidence for deceleration, with mB 0.86^0.02. It is
quite possible that the VLBI velocities above are underesti-
mated. as well as Bartel et al., argue that the Ha lineFLC96,
indicated an ejecta velocity of 18,000È19,000 km s~1 at
10È30 days. The shock velocity should be a factor of 1.2È1.3
larger than this, or 21,600È24,700 km s~1. Furthermore, the
VLBI measurements have a fairly small dynamic range ;

FIG. 8.ÈFits to the VLA spectra at six di†erent epochs, including all suppression processes, as well as a self-consistent calculation of the electron
spectrum. The dashed line shows the intrinsic spectrum from the shock, while the solid line also includes external free-free absorption.
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faint, high-velocity material may therefore go undetected.
We also point out that the radius measured by Marcaide et
al. only refers to the 50% contour level, which explicitly
excludes such faint, high-velocity material. Guided by this
discussion we will in the following parameterize the velocity
by

V (t) \
7V0
V0
A t
t
p

B(m~1)
t \ t

p
,

t
p
¹t ,

with km s~1. Because we take V \ constant forV0\ 22,000
our value of m will be less than the value of m\ 0.86t \ t

p
,

from Marcaide et al. With days our e†ective valuet
p
\ 100

of m up to day 1304 is m\ 0.74, corresponding to n B 6.
Using days would not change our results signiÐ-t

p
\ 200

cantly.

4. RESULTS

With all parameters Ðxed, except B, and we cannrel, p
i
,

now repeat the modeling in for each date, thereby° 3.1.2
determining the unknown parameters from a s2 Ðt.
However, in contrast to we take the di†erent cooling° 3.1.2,
processes into account. The resulting spectra at six epochs,
from 11.5 to 923 days, are shown in Also shown isFigure 8.
the spectrum when free-free absorption is neglected. It is
seen that when the latter process is included the Ðt is essen-
tially perfect, as is the case also for the other dates. We now
discuss the implications for the physical parameters
resulting from this procedure.

4.1. Free-Free Absorption
The analysis in shows that the best Ðts for the° 3.1.2

free-free absorption are obtained for d \ 1.0 and T15\ 2.75
] 106 K and an asymptotic temperature of 2 ] 105 K.

This, and the evolution of temperature derived from the
observations, can be compared with the calculations in

At 10 days (their Fig. 11) Ðnd that at aFLC96. FLC96
radius of K, decreasing to1.5] R

s
, T

e
B 6.3 ] 105

3.0] 105 K at 20 days and then staying at a constant value
of 2.5] 105 K up to day 100.

As we stressed in the most relevant quantity to° 3.1.2,
compare with the observations is not the temperature, but
the optical depth. A further complication is that the tem-
perature in not only varies with radius, but, con-FLC96
trary to our model assumptions, it also shows some
variation with time at a given radius. For a real comparison
one should perform the radial integration of the optical
depth at each time [i.e., Inqff P /

Rs
= T

e
(r, t)~1.5n

e
(r)2dr].

we show the free-free optical depth, averaged overFigure 9
the disk, for the o P r~2 model in along with thatFLC96
determined by the observations. In general the two results
agree to better than a factor of 2. While the di†erence is
signiÐcant, we feel that it is remarkable that they agree as
well as they do, and that this agreement gives us increased
conÐdence in the determination of the circumstellar tem-
perature from the model calculations not only in the case of
SN 1993J, but also for other objects like SN 1979C and SN
1980K & Fransson An approximate Ðt to(Lundqvist 1988).
our results in is given byFigure 9

q6 ff(t) \ 0.12j2.1
A t
10 days

B~2.1
. (44)

FIG. 9.ÈThe free-free optical depth at 1 cm determined from the Ðts in
this paper, compared with the optical depth from the model calculations of
the circumstellar temperature in (dashed line).FLC96

The fact that we get a power law signiÐcantly Ñatter than
t~3 even in the constant temperature region at dayst Z 100
is due to the compensating e†ect of the decreasing velocity,
which gives an approximate power-law dependence over
the whole period.

Although in broad agreement with the optical depth
required by our modeling, there are considerable uncer-
tainties in the calculation of the temperature of the circum-
stellar medium, as is discussed in Most importantFLC96.
of these are the degree of equipartition of electrons and ions
behind the circumstellar shock, and the evolution of the
shock velocity shortly after breakout. Both a†ect the tem-
perature of the shocked electrons, as well as the electron
scattering optical depth. These two quantities determine the
UV and soft X-ray Ñux from the shock through Comp-
tonization of the soft photospheric photons. The uncer-
tainty in the shocked electron temperature is therefore
reÑected in the absolute value and the radial dependence of
the temperature of the circumstellar medium. The radio
observations therefore provide a new constraint on the
physics and radiation mechanisms of the shock.

4.2. Magnetic Field
In we show the resulting magnetic Ðeld as aFigure 10

function of the shock radius. The errors in B and arenreldetermined from the 1 p contours of constant s2 in the

FIG. 10.ÈEvolution of the magnetic Ðeld as a function of shock radius.
The dashed line shows the expected evolution if while theB2Powind V

s
2,

dotted line shows the evolution of a Ðeld.BP R
s
~1
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plane. The scatter in B(t) at late times is related to theB-nrelscatter in S@(t), which enters quadratically in B(t).
A least-squares Ðt to the data shows that

B(t) \ B15
A R

s
1015 cm

B~bA V0
2.2] 104 km s~1

B4
, (45)

with G and b \ 0.984^ 0.028. As seen byB15 \ 61.1 ^ 4.7
the dotted line in it is certainly compatible with aFigure 10,
simple law. A best Ðt with this dependence is givenBP R

s
~1

by G (b 4 1.0). Note that the errors do notB15\ 63.5 ^ 4.8
include systematic errors. In particular, the results are, as
shown by the expressions above, sensitive to the velocity
evolution, as well as its absolute value.

A dependence is close to that expected if theBP R
s
~1

magnetic Ðeld behind the shock is ampliÐed by a constant
factor from the circumstellar magnetic Ðeld of a rotating
progenitor. If the wind has sufficient angular momentum,
the magnetic Ðeld should have the topology of a ““ Parker
spiral ÏÏ at large radii & Davis In(Parker 1958 ; Weber 1967).
this case one expects BP r~1, while a radially expanding
wind has BP r~2.

The magnetic Ðelds of the circumstellar media of late type
supergiants are uncertain. Based on polarization obser-
vations of OH masers in supergiants, et al.Cohen (1987)
and & Bowers estimate that at a radius ofNedoluha (1992)
D1016 cm the magnetic Ðeld is D1È2 mG, although the
uncertainty in this number is large. It is unlikely that the
magnetic Ðeld in the wind is higher than that corresponding
to equipartition between the magnetic Ðeld and the kinetic
energy of the wind. This means that givingB2/8n [ouw2/2,

B[
(M0 uw)1@2

r
\ 2.5

A M0
10~5 M

_
yr~1

B1@2

]
A uw
10 km s~1

B1@2A r
1016 cm

B~1
mG . (46)

Likely locations for the electron acceleration are at the posi-
tion of the circumstellar shock or, alternatively, close to the
contact discontinuity between the circumstellar swept-up
gas and the shocked ejecta gas. The latter region is
Rayleigh-Taylor unstable, and the associated turbulence
may help in amplifying the magnetic Ðeld et al.(Chevalier

& Norman1992 ; Jun 1996).
At 10 days, corresponding to a radius D1.9] 1015 cm,

we Ðnd that the magnetic Ðeld in the emitting region is D34
G. Using the above estimate of the circumstellar magnetic
Ðeld and a shock compression by a factor of 4, this post-
shock magnetic Ðeld would be BB (2.4È4.8)] 10~2 G.
This is a factor D103 less than that inferred from the obser-
vations and therefore strongly argues for magnetic Ðeld
ampliÐcation behind the shock. Although this conclusion
rests on the very uncertain estimate of the circumstellar
magnetic Ðelds of the progenitor system, a simple shock
compression of the Ðeld can probably be excluded and gives
support to the results found in the simulations by &Jun
Norman (1996).

If the scaling of the magnetic Ðeld is based on the thermal
energy density, one expects B2/8n P oV 2, implying BP

(e.g., This is shown asV /R
s
P t~1 P R

s
~1@m Chevalier 1996).

the dashed line in Although there is formallyFigure 10.
better agreement with the curve (dotted line), theBP R

s
~1

errors in the data in are large enough that we ÐndFigure 10
it difficult to separate these two cases. In the following dis-

cussion, we will assume that the magnetic Ðeld follows

B(t) \ B10
A t
10 days

B~1A V0
2.2] 104 km s~1

B4
, (47)

with G. This choice is of no importance for theB10 \ 34
subsequent analysis and is only argued from the point of
view of the possible importance of equipartition.

The ratio of the magnetic energy density to the thermal
energy density behind the shock is

u
B

utherm
B 0.14

A B10
34 G

B2
M0 ~1 , (48)

independent of time. It is interesting that the Ðeld is of the
same order as that given by equipartition. The di†erence
from equipartition is, however, signiÐcant.

4.3. Injection Rate of Nonthermal Electrons
As we discuss in more detail in the next section, the

power-law index of the injected electron spectrum is close to
and constant in time. We therefore use this value inp

i
\ 2.1

the discussion below. In we show the density ofFigure 11
the injected nonthermal electrons, given by as a func-nrel,tion of shock radius. The value of is determined mainlynrelby the optically thin Ñux and, therefore, from the arguments
in can be shown to depend on velocity as° 5, nrel PA least-squares Ðt to the data inV 3~2pi PV ~1.2. Figure 11
for the Ðrst 100 days is given by

nrel\ nrel 15 cmin~1.1
A R

s
1015 cm

B~gA V0
2.2] 104 km s~1

B~1.2
,

(49)

where cm~3 and g \ 1.98^ 0.04.nrel 15\ (6.1^ 0.7)] 104
After 100 days there is a prominent steepening of the slope,
and one Ðnds that cm~3 andnrel 15\ (4.0^ 0.9)] 105
g \ 2.64^ 0.05. A Ðt based on g \ 2 during the Ðrst 100
days gives cm~3.nrel 15 \ (6.4 ^ 0.8)] 104

has discussed scalings for the numberChevalier (1996)
density of relativistic particles based on either a constant
fraction of the thermal particle density, nrel PowindP R~2,
or a constant fraction of the thermal energy density, nrel PV 2P R~2V 2P t~2. Here is the wind density.owind owindThese scalings have little physical motivation and can only

FIG. 11.ÈThe number of relativistic particles as a function of the shock
radius. The dashed line shows the expected evolution if nrel Powind V

s
2,

while the dotted line shows the evolution if nrel P owind.
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be justiÐed by observations. An argument in favor of these
scalings is that similar scalings have reproduced the light
curves of other supernovae dominated by free-free absorp-
tion. We can now test these scalings directly against the
observations in the same way as the magnetic Ðeld. Taking
the two alternatives for the relativistic particle injection effi-
ciencies into account, we write

nrel \ frel ne
AV
V0

B2v
, (50)

where v\ 0 for and v\ 1 fornrelP owind nrelP owindV 2.
The thermal electron density, behind the shock is givenn

e
,

by equation (16).
As long as the velocity is constant, both prescriptions

give the same result, When the velocitynrel P R~2.
decreases after 100 days, owindV 2P t~2 PR

s
~2@m PR

s
~2.66

for m\ 0.74. This is shown as the dashed line in Figure 11.
As is obvious from both the Ðgure and the Ðt above, nrel Preproduces the observations remarkably well,owindV 2
while the model is incompatible with thenrel P owindobserved evolution. This important result shows that a
Ðxed fraction, of the thermal particle energy density isfrel,accelerated to relativistic energies.

The best-Ðt value of found by this analysis and thefrelmodeling in next section is The energyfrel \ 1.85 ] 10~4.
density in relativistic electrons immediately behind the
shock is

urel \ frel ne m
e
c2 (cmin~pi`2[ cmax~pi`2)

(p
i
[ 2)

4 frel ne m
e
c2Q(cmin, cmax, p

i
) . (51)

The ratio of the nonthermal electron density and the
thermal total energy density behind the shock is

For andurel/uthermB 5.9] 10~5Q. p
i
\ 2.1, cmin\ 1,

Q\ 8.7 ; while and corre-cmax\ O, cmin\ 5 cmax\ 15,
sponding to the directly inferred range at 10 days, gives
Q\ 0.9. In either case the nonthermal electron density is
much smaller than the thermal electron density, in contrast
to the Razin case. There may, however, be a substantial
energy density of nonthermal ions accelerated by the shock.
For an equal number density of ions, one then gets

It is therefore conceivable that, to withinuion/uthermB 0.11Q.
an order of magnitude, rough equipartition between the
nonthermal particles, the magnetic Ðeld and the thermal
energy is present behind the shock. This conclusion rests,
however, totally on the ad hoc assumption of equal effi-
ciency for accelerating electrons and ions.

5. RADIO LIGHT CURVES FOR SN 1993J

The most direct way to compare the model with the
observations is through the radio light curves at the di†er-
ent wavelengths. By calculating the time evolution, we can
also include other e†ects that were not possible for the
analysis above. It therefore serves as a check on the assump-
tions of this analysis. In contrast to the analysis in °° and4.2

we now make an assumption about the behavior of the4.3,
magnetic Ðeld and injection efficiency. For the injection rate
we use with v\ 0 or v\ 1. The high ratio ofequation (50),

may be taken as an argument for au
B
/utherm (eq. [48])

scaling or BP t~1, rather than andu
B
P utherm, BP R

s
~1,

the calculations below therefore assume BP t~1. As we
show, the results are essentially independent of this assump-
tion. For the radiative transfer we use equations and(1), (6),

FIG. 12.ÈCalculated and observed radio light curves for the model with v\ 1, and n \ 6.5, discussed in the text, togetherp
i
\ 2.1, frel \ 1.85] 10~4,

with VLA observations, and the 2 cm Ryle observations ( Ðlled triangles).
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In contrast to we now use the full form of(8). ° 4, equation
including self-absorption e†ects on the electron dis-(40),

tribution, as well as advection and the explicit time depen-
dence.

The evolution of the velocity of the shock (through B, nrel,and R) is important for the number of relativistic electrons,
and we use the parameterization in In the analysis° 3.2.3.
we include all VLA observations, as well as the 2 cm obser-
vations by & Green In particular, thisPooley (1993).
includes several observations from 5 to 10 days, which were
not used in the analyses in °° and3.1.2 4.

The resulting model light curves are shown in Figure 12,
together with all observations. As can be seen, the model
reproduces the light curves at the di†erent wavelengths very
well. The reproduction of the observed slope at early times
is a result of

Fl(qssa ? 1)P R2Sl e~qff P R2B~1@2e~qff P t2.5e~qff (52)

(e.g., This is considerably shallower thanChevalier 1982b).
the pure free-free case discussed by Because theFLC96.
magnetic Ðeld is mainly determined by the optically thick
part of the spectrum, illustrates the sensitivityequation (52)
of the derived value of B to the free-free optical depth.

In we show the electron distribution at threeFigure 13
di†erent epochs, and in we show the e†ectiveFigure 14
spectral index of the electron distribution, atpeff 4 2a ] 1,
the energies responsible for the emission at the di†erent
observed wavelengths. At early times the range is very large,

while at days the range is smaller atpeff \ 1.3È2.5, t Z 1000
(yet still higher than showing that coolingpeff \ 2.4È2.8 p

i
),

is important throughout the whole period. The range of peffeven at late times clearly illustrates the necessity of doing a
self-consistent calculation of the spectrum, as has been done
here, rather than an analysis based on a constant spectral
index as in The evolution of the electron spectrum° 3.1.2.
can be compared directly with where it is seen thatFigure 7,
for the shortest wavelengths synchrotron cooling domi-
nates, while at longer wavelengths Coulomb cooling domi-
nates before D100 days, explaining the low value of peff,especially for 21 cm. It is, however, important to note that
the e†ects of the various cooling processes extend over a
considerable energy range, and the values of andcsynch cCoulare only rough indicators of the cooling e†ects.

FIG. 13.ÈIntegrated line-of-sight electron spectra at 10 (solid line), 100
(dotted line), and 1000 (dashed line) days. The Ñattening of the spectrum
caused by Coulomb losses below cD 10 is evident at especially 10 and 100
days, while above this energy synchrotron losses prevail. At 10 days syn-
chrotron self-absorption heating gives a weak bump in the spectrum at
cD 10, corresponding to the energy of the electrons at which the optical
depth is larger than one.

FIG. 14.ÈThe e†ective spectral index of the electron distribution atpeffthe Lorentz factor [c\ 85(Bj)~1@2] responsible for the emission at 1.3È21
cm for the model in Fig. 12.

Synchrotron self-absorption e†ects on the electron dis-
tribution are modest and can be seen only close to the peak
in the spectrum This is the cause of the crossing of(Fig. 13).
the spectral index curves seen in The reason forFigure 14.
the modest self-absorption e†ects on the electrons is that
the Coulomb timescale is shorter than the synchrotron
timescale for c corresponding to The electrons areq(l) Z 1.
therefore downscattered in energy faster than they are redis-
tributed by the self-absorption, in agreement with what de
Kool et al. Ðnd. The optically thick Ñux is quite(1989)
independent of assumptions about spectral index or
cooling, which are important when Only close to theq

s
[ 1.

peak in the spectrum, where can some e†ects of theq
s
D 1,

self-absorption on the electron distribution be seen.
Free-free optical depth unity is reached on days 12.6, 26,

and 80 for 3.1, 6.2, and 21 cm, respectively. At the shorter
wavelengths it never exceeds unity because of the high cir-
cumstellar temperature. The Razin e†ect is unimportant for
the Ñux at all wavelengths because of the necessarily high
magnetic Ðeld.

Both the optically thin luminosity and the optical depth
are determined by the line-of-sight integrated number of
relativistic electrons per energy, N(c), and a qualitative dis-
cussion of this quantity is of interest. For this purpose we
neglect the self-absorption e†ects on the electron spectrum,
as well as the Razin suppression. If we write inequation (43)
terms of the synchrotron timescale tsynch\ 6nm

e
c/pT cB2,

we get

N(c) \ dn
dc

*Rem \ 3nm
e
cV nrel

2pTB2cmin2
A c
cmin

B~(pi`1)

]
C
1 ] C(t) ]

AcsvC
c
B2] 1.0

c
A B10
30 G

B~2A t
10 days

BD~1
,

(53)

where

C(t) \ 2.49] 10~2
A B10
30 G

B~2A L Bol(t)
1042 ergs s~1

B

]
A V
2 ] 104 km s~1

B~2
. (54)
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The term C(t) gives the ratio of inverse Compton to syn-
chrotron losses and can in our case be neglected. The third
term in the bracket gives the Coulomb to synchrotron
losses and the last, the adiabatic losses. When(eq. [39]),
synchrotron losses dominate, the factor means thatc~(pi`1)
the integrated electron spectrum is steepened by one power,
while if Coulomb losses dominate, it is Ñattened by one.

Using equations divided by 4n, and a delta func-(53),
tion approximation for the total emissivity of a single
electron in an isotropic magnetic Ðeld, j(c, l) \

and incp
T

B2c2d(l [ l0Bc2)/6n jl*Rem \ / N(c)/4nj(c, l)dc,
with we Ðndequation (5) q6 ff>1,

Fl(qssa > 1) \ 1
4
AR

s
D
B2

m
e
c2V nrel cminpi~1

] (l0B)(pi~2)@2l~pi@2
C
1 ] C] lCoul

l
A t
10 days

B~1

]
Alad

l
B1@2A t

10 days
B1@2D~1

, (55)

where

lCoul \ 9.32] 109
AB10
30G

B~1
M0
A V
2 ] 104 km s~1

B~2
Hz ,

(56)

lad\ 1.25] 108
A B10
30 G

B~3
Hz . (57)

With equations and we get(16), (47), (50),

Fl(qssa > 1) \ 1.41] 108fM0
A B10
30 G

Bpi@2~1

]
A V0
2 ] 104 km s~1

BA1.26] 108
l

Bpi@2

]
A t
10 days

B~(2v`1)(1~m)~(pi~2)@2

]
C
1 ] C(t) ] lCoul

l
A t
10 days

B~1

]
Alad

l
B1@2A t

10 days
B1@2D~1

mJy .

(58)

The slow increase in the Ñux of the optically thin light
curves at 1.3 and 2 cm before 100 days is caused by the
decreasing importance of Coulomb losses with time. Fur-
thermore, taking in anda \ d ln Fl/d ln l equation (58)
using gives a good representation of the evol-peff \ 2a ] 1
ution of the electron spectral index at the various wave-
lengths, as shown in Figure 14.

After D100 days the shock velocity decreases according
to mB0.74. Neglecting the variation in the denominator of

(in brackets), we get for daysequation (58) Z100 Fl(qssa >
1) P t~0.31~0.52v. The evolution of the optically thin Ñux is
therefore considerably steeper if v\ 1, Fl(qssa>1) P t~0.83,
compared with v\ 0. Comparing with the observations
after D100 days there is much better agreement with the

model, compared with the model.nrelP owindV 2 nrel P o

The model gives too slow a decline for reason-nrel P owindable values of and m. This is consistent with the conclu-p
isions in We also note the insensitivity of the optically° 4.3.

thin Ñux to the magnetic Ðeld when p
i
B 2, Fl P B(pi~2)@2,

explaining the difficulty of separating the BP R~1 and
BP t~1 cases.

The break in the light curves at D100 days occurs in our
models because of the decrease in velocity, rather than as a
result of a transition to the adiabatic phase. The rather
abrupt change in the light curves, as well as in innrel Figure

shows that the transition from constant velocity to a11,
more rapid decrease is fairly sharp, and should reÑect a
similarly well-deÐned Ñattening in the ejecta structure.

For our parameters adiabatic cooling starts to dominate
at tD1000 days. However, as can be seen from Figure 14,
the spectral index even at 3000 days is considerably higher
than the input spectral index, In the adiabaticp

i
\ 2.1.

phase the optically thin Ñux scales as

Fl(qssa > 1) P t~(pi~1)@2~(1`2v)(1~m) . (59)

We have also experimented with di†erent slopes of the
injection spectrum, The most sensitive part of the spec-p

i
.

trum is not surprisingly the epoch later than D100 days,
when most of the spectrum is optically thin. At these epochs
the light curves are quite sensitive to and variations inp

i
,

the range change the Ðt to the light curves2.0[ p
i
[ 2.2

markedly (as shown by the Our conclusion is thereforesl2).that the spectral index of the injected electrons should be in
the above range, and not be changing in time. A value

is remarkably close to what di†usive shock acceler-p
i
\ 2.1

ation gives, although it is not obvious why other acceler-
ation mechanisms, like turbulent acceleration behind the
shock, should give the same result.

Another conclusion is that we can check the validity of
the approximate for the electron spectrumequation (43)
compared with the full solution of We Ðndequation (40).
that the di†erence between these approaches is small in
both the magnetic Ðeld and nonthermal electron density.
This is illustrated by the fact that our approximate analyti-
cal solutions (52) and (58) accurately describe the numerical
light curves. The results in should therefore not be° 4
a†ected by the additional e†ects included in this section.

6. FREE-FREE ABSORPTION, SYNCHROTRON

SELF-ABSORPTION, AND THE RAZIN

EFFECT FOR RADIO SUPERNOVAE

One may ask under what circumstances free-free absorp-
tion, synchrotron self-absorption, or the Razin e†ect will be
important. This is discussed extensively from the point of
view of di†erent supernova categories by Chevalier (1998).
Here we limit ourselves to a few supplemental remarks. The
radial optical depth to free-free absorption is

qff B 4.2j2M0 2
A T

e
105 K

B~3@2A V
2 ] 104 km s~1

B~3

]
A t
10 days

B~3
. (60)

In the synchrotron cooling domain, and assuming for sim-
plicity that the synchrotron optical depth isp

i
\ 2, q

s
B
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km s~1)~1(t/101.6] 104frelM0 (B10/30 G)1@2(V /2 ] 104
days)~5@2j7@2. From this we note that in this case is fairlyq

sinsensitive to the magnetic Ðeld. In the adiabatic regime we
get km s~1)~1q

s
B 1.9] 105frelM0 (B10/30G)2(V /2 ] 104

(t/10 days)~3j3. In accordance with our results in we° 4.2,
further assume that the magnetic Ðeld is some fraction / of
the equipartition value, G. The ratioB10 B 1 ] 102/1@2M0
of the synchrotron self-absorption and free-free optical
depths is then in the cooling case

q
s

qff
B 6.7] 103frel /1@4M0 ~3@4

A T
e

105 K
B3@2

]
A V
2 ] 104 km s~1

B2A t
10 days

B1@2
j3@2 , (61)

and in the adiabatic case

q
s

qff
B 4.8] 105frel /

A T
e

105 K
B3@2A V

2 ] 104 km s~1
B4

j .

(62)

With the same assumptions, the ratio of the synchrotron
cooling time to the expansion time is

tsynch
t

B 1.1] 10~2/~3@4M0 ~3@2
A t
10 days

B1@2
j1@2 . (63)

Unless and/or /> 1, synchrotron cooling is likelyM0 > 1
to be important.

shows that in the cooling case (1) free-freeEquation (61)
absorption decreases in importance with time relative to
synchrotron self-absorption, and (2) that, while insensitive
to the magnetic Ðeld, the ratio is highly sensitive to the
velocity and temperature of the circumstellar medium.

The magnetic Ðeld is probably related to the progenitor
system, and may di†er between normal Type II, IIb, and Ib
supernovae. Because the latter types are likely to be com-
ponents in binary systems, this fact may inÑuence the cir-
cumstellar magnetic Ðeld. In addition, the turbulent
ampliÐcation behind the shock may depend on the proper-
ties of the shock (e.g., whether it is cooling or not). Because
of the lack of knowledge of this quantity it is fortunate that
the optical depth is not very sensitive to the magnetic Ðeld.

The circumstellar temperature is especially sensitive to
the expansion velocity, since this, together with the mass
loss rate, determines the shock temperature, and therefore
also the EUV and soft X-ray Ñux from the supernova

& Fransson A higher expansion velocity(Lundqvist 1988).
leads to a higher shock temperature and a stronger UV and
soft X-ray spectrum from Comptonized radiation and
thereby to a higher circumstellar temperature. Obser-
vationally, both SN 1993J and SN 1994I et al.(Filippenko

had higher expansion velocity km s~1)1995) (Z2 ] 104
than SN 1979C and SN 1980K (D1.2] 104 km s~1). In
addition, the color temperature of the initial burst of the
supernova is higher for a compact progenitor, like for a
Type Ib/c or IIb supernova, which increases the heating of
the circumstellar medium further. The di†erence in the
supernova properties is illustrated in the di†erent circum-
stellar temperatures found for SN 1979C and 1980K, com-
pared with SN 1993J. In the former cases &Lundqvist
Fransson found a peak temperature of D2 ] 105 K,(1988)
while in the latter case the peak temperature was KZ106

Even more important, at 100 days the tem-(FLC96).

perature was stillD2 ] 105 K for SN 1993J, while it was
only (2È3) ] 104 K for SN 1979C and SN 1980K.

Therefore, equations and show that a higher(61) (62)
expansion velocity increases the importance of synchrotron
self-absorption relative to free-free absorption both directly
and through the temperature.

One should note that even if synchrotron self-absorption
is larger than free-free, the rise of the light curve may be
dominated by the free-free, since this acts externally to the
synchrotron emitting region. Because itself is so sensitiveqffto the velocity and temperature the sensitivity to(eq. [60]),
the velocity and progenitor structure is still present. The
relative importance of synchrotron self-absorption and free-
free absorption may therefore mainly be a result of the
higher expansion velocity for the Type IIb and Ib/c super-
novae compared with ordinary Type II supernovae.

For objects that are dominated by free-free absorption,
gives rise to the question whether synchrotronequation (61)

self-absorption may be important for the underlying spec-
trum also in these sources. Because of the limited number of
observed frequencies this question is difficult to answer,
although the above estimates makes this plausible.

That a high expansion velocity is indicated for the super-
novae showing synchrotron self-absorption has been
argued earlier by and more recently byShklovskii (1985)

These authors have discussed especiallyChevalier (1998).
the radio emission from the Type Ib supernovae and con-
clude that the expansion velocities of these indeed have to
be very high. The sensitivity to the temperature has,
however, been discussed little before.

As was illustrated in the main problem for the° 3.1.1,
Razin e†ect to be important is that it requires a very low
magnetic Ðeld. To give a detectable radio emission, it then
follows that the column density of relativistic particles has
to be unrealistically high. The high thermal plasma density
needed for the Razin e†ect to dominate also means that
Coulomb losses will become important. We therefore do
not expect the Razin e†ect to be very important for super-
novae showing an observable radio emission in other than
quite exceptional cases.

7. GENERAL CONSEQUENCES FOR VLBI OBSERVATIONS

Both the dominance of the synchrotron self-absorption
and the importance of electron energy losses have conse-
quences for the VLBI observations. At wavelengths j ?

the intensity will be that of a uniform disk, while atjqssa/1 limb brightening is importantj > jqssa/1 (Marscher 1985).
For this latter situation the full set of equations (1)È(3)
should be used. Free-free absorption with the consequent
limb darkening is only important for the longest wave-
lengths. VLBI observations by et al. andBartel (1994)

et al. have been obtained at 1.35 and 2.01Marcaide (1997)
cm from day 30 to day 91, at 3.56 cm from day 50 to day
427, and at 6.16 cm from day 91 to day 1304. We Ðnd that
the synchrotron optical depth is larger than unity up to day
16, 32, 63, and 125 at 1.35, 2.01, 3.56, and 6.16 cm, respec-
tively. At times earlier than these epochs a uniform disk is
therefore to be preferred as input to the VLBI modeling,
while a limb-brightened shell is more applicable after these
epochs.

Synchrotron losses have been shown to be important
throughout the whole period of observations. If acceler-
ation takes place close to the circumstellar shock in a very
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thin region, the emitting region will have a wavelength-
dependent thickness

*RB
V tsynch

4
P V B~3@2j1@2 . (64)

In this ideal case the thickness would therefore increase
with wavelength by a factor of D40% from 3 to 6 cm. One
would also predict that the thickness would increase with
time as the synchrotron timescale increases If the(Fig. 7).
acceleration process takes place in the turbulent region
behind the shock, possibly connected to the contact discon-
tinuity, a more uniform emissivity would result. As long as
synchrotron cooling dominates, the emissivity is not sensi-
tive to the magnetic Ðeld distribution, because the Ñux is
instead determined by the available energy in relativistic
electrons. The opposite is true if the electrons are adiabatic.

For the wavelengths where the supernova is optically
thick to synchrotron self-absorption, one expects the polar-
ization to be low, while in the optically thin phase the polar-
ization can be high, unless the magnetic Ðeld is highly
random. Because of the high degree of spherical symmetry,
the integrated polarization is likely to be low. VLBI polar-
ization maps would therefore be highly interesting although
difficult to obtain in practice. A few resolution elements
over the disk would suffice for this purpose.

8. CONCLUSIONS

Here we summarize our main conclusions :

1. The light curves are characterized by synchrotron self-
absorption in combination with external free-free absorp-
tion. While giving an excellent Ðt to the spectrum, the Razin
e†ect can be excluded, based on an unrealistic injection
efficiency.

2. The circumstellar density is consistent with a constant
mass-loss rate and wind velocity, owindP r~2.

3. The free-free absorption inferred from the combined

synchrotron-self absorption plus free-free model agrees well
with that estimated previously by FLC96.

4. The magnetic Ðeld in the synchrotron emitting region
can be reliably determined, and decreases like orBP R

s
~1 ,

alternatively as BP t~1. The strength argues strongly for
turbulent ampliÐcation behind the shock. The energy
density is somewhat weaker than equipartition, u

B
/uthermB

0.14.
5. Both synchrotron and Coulomb losses are important

for the integrated electron spectrum, which cannot be char-
acterized by a simple power law.

6. The injected electron spectrum has a power-law slope
indicating that di†usive shock acceleration is oper-p

i
\ 2.1,

ating.
7. The number density of relativistic electrons scales as a

Ðxed fraction of the thermal energy density behind the
shock. This may argue for an injection mechanism that is
controlled by the available thermal energy behind the
shock. While the energy density in the relativistic electrons
is only D5 ] 10~4 of the thermal energy density, the ions
may have a total energy density comparable to equi-
partition.

8. The light curves, as well as the evolution of the injec-
tion rate of relativistic electrons, reÑect the dynamics of the
shock wave and therefore also the ejecta structure.
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