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ABSTRACT

The radio light curves of SN 1993J are discussed. We find that a fit to the individual spectra by a
synchrotron spectrum, suppressed by external free-free absorption and synchrotron self-absorption, gives

a superior fit to models based on pure free-free absorption. A standard r

=2 circumstellar medium is

assumed and is found to be adequate. From the flux and cutoff wavelength, the magnetic field in the
synchrotron-emitting region behind the shock is determined to B ~ 64(R,/10'°> ¢cm)~! G. The strength of
the field argues strongly for turbulent amplification behind the shock. The ratio of the magnetic and
thermal energy density behind the shock is ~0.14. 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 affects 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 flux and number of relativistic electrons well. The

injected electron spectrum has dn/dy oc y~ 2!

, consistent with diffusive shock acceleration. The injected

number density of relativistic electrons scales with the thermal electron energy density, pV2, rather than
the density, p. The evolution of the flux is strongly connected to the deceleration of the shock wave. The
total energy density of the relativistic electrons, if extrapolated to y ~ 1, is ~5 x 10™% of the thermal
energy density. The free-free absorption required is consistent with previous calculations of the circum-
stellar temperature of SN 1993J, T, ~ (2-10) x 10° K, which failed in explaining the radio light curves by
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 effect for
other supernovae, are also briefly 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 — radiation mechanisms: nonthermal —
supernovae: individual (SN 1993]J)

1. INTRODUCTION

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

For the first radio supernovae to be well observed, SN
1979C and SN 1980K (Weiler et al. 1986), a standard model
to explain their radio light curves was soon developed
(Chevalier 1982b). The basic feature of this model is external
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 1. oc A2R; 3 oc A%t~ 3, if the shock velocity is constant.
The intrinsic emission from the shock, i.e., the injection
efficiency of relativistic particles, as well as the magnetic
field, were assumed to scale with the thermal energy density
behind the shock. This and alternative scalings have been
discussed by Chevalier (1996). This model has been suc-
cessful in explaining the observations of “standard” Type
IIs (Chevalier 1984), and with a knowledge of the tem-
perature, the mass-loss rate of the progenitor can be deter-
mined. Calculations of the temperature (Lundqvist &
Fransson 1988) show that T, ~ 10°-10° K, and mass-loss
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ratesof 3 x 107> and 1.2 x 10™* M, yr~ ! were derived for
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 (Van Dyk
et al. 1994; Pooley & Green 1993). When the free-free
absorption model was applied to this, however, it was found
that only a poor fit was obtained (Lundqvist 1994;
Fransson, Lundqvist, & Chevalier 1996, hereafter FLC96;
Van Dyk et al. 1994). An improved, although still unsatis-
factory, fit was obtained if the external density followed
p oc v~ 4 instead of p oc r~ 2, where d = 1.5-1.7. The reason
for this flatter profile was not clear, although speculations
about variations in the mass loss rate have been proposed.
Not surprisingly, even more complex models could improve
the fit, but at the expense of a larger number of free param-
eters without obvious physical meaning. A serious problem,
pointed out by FLC96, was that the temperature in the
circumstellar medium was =2 x 10° K, resulting in a much
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 cutoff in Type Ib supernovae (Shklovskii
1985; Slysh 1990) and has been discussed independently
from the present analysis by Chevalier (1998). Chevalier &
Dwarkadas (1995) have proposed that the turn on of the
early radio emission of SN 1987A was determined by syn-
chrotron self-absorption. Several of the mechanisms below
were discussed by Chevalier (1982b), who, however, for
good reasons discarded them for SN 1979C and SN 1980K.

In § 2 we discuss the synchrotron emissivity at a finite
density of thermal electrons, including the Razin-Tsytovich
effect, and in § 3 we apply this analysis to the spectra of SN
1993]. First we use simple parameterized models with con-
stant spectral index and discuss the resulting fits for models
with the three different suppression mechanisms, i.e., free-
free absorption, synchrotron self-absorption, and the
Razin-Tsytovich effect. After this we discuss a self-
consistent model where the spectral index is determined by
the various energy-loss mechanisms. In § 4 we then discuss
the results of this analysis, and their implications for the
magnetic field, relativistic particle acceleration, and circum-
stellar temperature. Section 5 contains models for the full
light curves, while in § 6 we discuss the relative importance
of the Razin-Tsytovich effect, synchrotron self-absorption,
and free-free absorption. In § 7 we make some comments on
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 specified function, describing the
effect of the external or emitting medium. In contrast, an
analysis based on the light curves of the different wave-
length bands involves uncertain assumptions about the par-
ticle acceleration mechanism (e.g., Chevalier 1996). From
the time variation of the parameters involved in the fitting
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 7(t), and with an external free-free medium, param-
eterized by the optical depth 7,(¢) at a wavelength 4 = 1 cm,
Gaunt factor gg(41), and impact parameter s, the spectrum is
given by

R 2 1
F,(J) = 27:(5) S, j (1 — e D) s Nan (M2 dg - (1)
0

where
0,
o 0 = e
T s, ) = Ke)ne(r)’r dr . 3)
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Here, x; is the free-free opacity at 1 cm and n, is the
thermal electron density. S, is the source function, S, =
Jj./k,, With x, the synchrotron self-absorption opacity and j,
the emissivity. Finally, R, and D are the radius of the emit-
ting shell and the distance to the supernova, respectively.
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We assume that the supernova ejecta are opaque to the
radio emission, as is most likely the case.

In the analysis in § 3.1.1, we assume that the column
density of electrons have a constant power law, giving a
synchrotron spectrum with index o. If we further replace
equation (1) by an average over the disk, we then get

F () = S(@®)i 521 — e

where the parameter S'(¢) is related to S, at 1 cm by §' =
nRZ S 5. cm)/D?. The average optical depth over the disk,
T, is given by 7, ~ 2k, AR.,,, where AR, is the thickness of
the emitting shell In the optically thin 11m1t we have

—Ts(t)Ala+ 5/ 2>)e —Tee()gee(A) A2 (4)
b
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In the general case of a plasma with density n,, magnetic
field B, and relativistic electron distribution N(y) (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)

j,AR,,, = 1.87 x 10" 23B sin 6 f N f(%)
1

v
F[v 7o, y/v>3]dy’ ©

where 6 is the pitch angle, v, = 8.98 x 10°n}/*> Hz is the
plasma frequency, and v, = v0 B sin 0y? is the critical fre-
quency, where v, = 4.20 x 10° Hz. F(x)is given by

Fx) = x fme(z)dz , )

where K5 3(z) is the modified Bessel function of order 5/3.
The function f(x) = (1 + x*)~'/*> represents the modifi-
cation due to plasma effects. Similarly, the synchrotron self-
absorption optical depth is given by

Bsinf (* ., d _ _
> f v — [y *NO)]
v L dy

p?V v
ol ( >F [ 0, v/V)] ®

For a constant power-law distribution of electrons,
N(y) = Nrel V_p, one ﬁndS

jo AR =9.33 x 107 24(1.40 x 10~ 42)*

1, = 1.02 x 10*

x (Bsin 0)** VN _, f g(x)FI: =E ]x(‘" Ddx, (9)

2 \"12
g(x) = (1 + /1R—x) (10)

and o = (p — 1)/2. The critical wavelength, Az, above which
the emission is suppressed is given by
3 Bsin 0 n,

1.56 x 10° cm

where

Ay =

-1
1 on 3> Bsinfcm. (11)

e

Equation (6) contains the pitch angle between the mag-
netic field and the electron velocity. Microscopically, the
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magnetic field may be random because of turbulence behind
the shock. In the integrated flux, as measured by the Very
Large Array (VLA), one observes a well-ordered field even
from different directions, because of the spherical geometry
of the shock. We therefore average equation (6) over all
angles numerically. We also assume that the magnetic field
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 flux into one
wavelength-independent amplitude, A(f), and one spectral
function, P(4/2go, %),

F(4) = A@®)P(4/ Ao, @) - (12)
Here
— —23 ne o 2a+1 & 2
A(t) = 5.86 x 10 (—2'19 <105 cm‘3) B N“I<D)
(13)

and Az, = Ag(0 = ©/2). The spectral function P(y, a) is given
by

ya T © y —-1/2
P — 7 s 0(u+ 1) 1
0. 2) 2 L - L < T sin 0)

y 3/2
x F|:x<1 + — ) ]x‘“‘”dxd cos 0 ; (14)
X sin 6

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

At wavelengths longer than Ag,, the emission is severely
suppressed. This effect has been referred to as alternatively
the Razin-Tsytovich effect or simply the Razin effect. In the
following we will for simplicity use the latter terminology.
The vacuum case is obtained for Ay, — oo when f= 1. For
wavelengths longer than Az, the pitch angle-averaged
spectrum falls off as

A \@—1/2)
F,oc Ny B 1A“<T e~ (FHRIRGHIR)(15)
RO

(Simon 1969). The cutoff due to the Razin effect is therefore
less steep than that due to free-free absorption. This is

\\‘r\\\\)\\\\\._:‘\\\\

-3 -2 -1 0 1
log A / Ay
Fi1G. 1.—Angle-averaged synchrotron spectra, including the Razin

effect, for different power-law indices, o. The Razin wavelength is given by
Jro = 1.56 x 10°B/n, cm.
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important for the shape of the spectrum at long wave-
lengths.

The relevant values of n, and B depend on the particle
acceleration site. If this is in the shocked circumstellar gas,
n, will be a factor of 4 higher than the electron density in the
wind. In FLC96 and Fransson (1998) the X-ray emission of
SN 19937 at early and late times is modeled. To reproduce
the observed X-ray flux, a mass-loss rate of M ~ 5 x 10~°
M yr~!is required, for a wind velocity of u,, = 10 km s 1.
With a factor of 4 compression, and X(He)/X(H) = 0.3 (e.g.,
Shigeyama et al. 1994), the electron density immediately
behind the circumstellar shock is

R -2
8 s
n,= 4.36 x 10 %(m)

. 14 "2
= 14610 %(m>

A
X(lOdays) cm™” ., (16)

The similarity solution by Chevalier (1982a) shows that the
density behind the circumstellar shock is fairly constant (see
also Fig. 3 in FLC96), and we will use equation (16)
throughout the shocked region. We have here for future
convenience defined a normalized mass loss, .#, rate by

. M u -1
M= " .oQ
<5 x 107° Mg yr‘1><10 km s_l) a7

In FLCY6 it is argued that ¥ ~ 2 x 10* km s~ ! at ~10
days. VLBI observations (Marcaide et al. 1995a, 1995b,
1997; Bartel et al. 1994) give an expansion velocity for the
radio-emitting plasma of ~(1.8-2.4) x 10* km s~ ! during
the first ~100 days. Consequently, we scale our results to
V =2 x 10* km s~ . The motivation for this and the evolu-
tion of the velocity is discussed further in § 3.2.3.
With this density, 1z, is given by

.( B |4 otV
*xo = 107//(@)(2 x 10* km s‘1> <10 days) o

(18)

The magnetic field in the emitting region therefore has to be
less than ~1 G, or alternatively, M/u,, large, for the Razin
effect to be important.

3. APPLICATION TO SN 1993J

Although radio observations are available for a large
number of supernovae (e.g., Weiler et al. 1998 for a review),
SN 1993J is unique in terms of the frequency of obser-
vations, small errors in the observed fluxes, and the large
wavelength coverage. It is therefore by far the object best
suited for a detailed analysis. Observations have been
published by Van Dyk et al. (1994) and Weiler et al. (1998)
for 1.33-21 cm from 5 to 1300 days and by Pooley & Green
(1993) at 2 cm from 8 to 114 days. In addition, there is one
set of VLA observations at 923 days for 1.3-90 cm (Montes
et al. 1995). A few millimeter observations with IRAM and
OVRO also exist (Radford 1993; Phillips & Kulkarni 1993a,
1993b). The fluxes of the millimeter observations do,
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 § 5 we also include the Ryle
telescope observations by Pooley & Green (1993), as well as
the VLA dates having only a partial spectral coverage, in
particular, before ~ 10 days.

Our strategy is first 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 field. However, as a result of the failure of
these simple models we are in § 3.2 led to a more detailed
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 equation (4), assuming here a constant
spectral index o = (p — 1)/2, in the three limiting cases:
(1) freefree absorption, t,=0, 74#0, A< Axo;
(2) synchrotron-self absorption, 7, # 0, 74 =0, 1 < Ago;
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(3) Razin suppression, 7, = 0, 1 = 0, 4 & Ago. In the free-
free and Razin cases we use the optically thin expression,
equation (5). In all three cases there are three parameters
characterizing the spectrum: (1) the overall normalization
of the synchrotron spectrum; (2) the power-law index of the
radiation (); (3) the optical depth to free-free absorption
(t¢), synchrotron self-absorption (), or the Razin cutoff
wavelength (1z,). For each date we fit the observed spec-
trum with the set of parameters that minimizes y>. The
value of a is determined by minimizing the scatter of the
overall light curves; in the Razin case, especially the spectral
region where A < Az, and for the free-free and synchrotron
self-absorption cases the spectral region where 7(1) < 1. As
we discuss below, there are reasons to expect that, because
of cooling, « varies with time and frequency. This will be
discussed in detail in § 5.

In Figure 2 we show the observed fluxes at 1.3, 2.0, 3.6,
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 fit Razin
spectrum, while the dashed line is the best-fit free-free
absorption spectrum, and the dotted line shows the same
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FiG. 2—Observed VLA spectra at four epochs, from Van Dyk et al. (1994), together with fits based on a Razin-suppressed synchrotron spectrum (solid
line), external free-free absorption (dashed line), and synchrotron self-absorption (dotted line).
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for the synchrotron self-absorption case. In the Razin case,
o = 1.25 + 0.1 gives the best fit. In the free-free case, « = 0.8
is indicated, while the best fit in the synchrotron self-
absorption case is obtained for o = 0.7. The reason for this
difference in « is that the Razin effect affects the spectrum
well below Az, and flattens the overall spectrum. The free-
free absorption sets in more abruptly and has less of an
effect at short wavelengths (cf. eqs. [5] and [15]).

From Figure 2 it is obvious that the Razin spectrum gives
a superior fit 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 fits.
Otherwise the free-free spectrum underestimates the flux,
while the synchrotron self-absorption overestimates above
the wavelength cutoff. At ¢ = 200 days, all models give rea-
sonable fits because of the decreasing importance of the
Razin effect, synchrotron self-absorption, and free-free
absorption at 4 < 20 cm.

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

2 T T TTT T T TTT

1.5

log Ay, (cm)

o
(@) —
L L ‘ L L ‘ UL ‘ UL

(@]
T

log A(t?\J (mdy)
T
!

2 \\\\\\‘ \\\\\\‘
10 100 1000

Time (days)
F16. 3—Derived values of Az, oc B/n, and A(t) from the fits to the

Razin model. The solid line gives a best linear fit to the log B/n, vs. log ¢
relation.
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equation (11), the ratio B/n, can be fit with the function

B _ 10 t 0.86
=66 10 ( o days> (19)

with an rms of only +0.013 in the exponent. Inserting
equation (16) into equation (19), the magnetic field can be
obtained for the same region as a function of time:

B~ 9.6 x 10-2.4 4 ) e
2 x 10*km s~ ! 10 days

(20)

To calculate the total number of relativistic electrons we
eliminate in equations (12) and (13) the magnetic field and
electron density by using equations (20) and (16) and find
withp = 3.5

F, =114 x 10723 4?25 _r —2.5N 1
' 2 X 104 km S_l re

A t 0.5
”(m)(m days> mly @

The observed spectral evolution can for ¢ < 100 days be
fitted by

5 y t 0.62
F, =16 x 10°P( - L@
R o9 Oy R

Therefore,

N.., = 1.4 x 10254225 LA
rel 7 2 x 10* km s~ !

t 0.11
X ( 10 days) cm~? (23

for t < 100 days.

As a consistency check of the assumption of ¢, < 1, from
equation (8) we can now calculate the synchrotron self-
absorption optical depth with the above values of B and
N,- One then finds that, because of the Razin suppression
of the opacity, the optical depth at Az, does not exceed 0.1
at any time.

A fatal problem for the Razin model occurs when we
estimate the energy density of relativistic electrons, u,.,.
We will be conservative here and just include electrons
with Lorentz factors responsible for the observed
spectrum between 10 and 100 days, ie., wavelengths
of 1.3-6.3 cm, giving 1.1 x 10%(z/10 days)°>" <y S 24
x 10%(t/10 days)°>”. From equation (23) and p = 3.5 we
find that the energy per unit area within this band is
~4.7 x 10'%(t/10 days)™%7° ergs cm~?, which is only
weakly dependent on p. As we show in § 3.2.1 [eq. [37] with
Ly ~ 4 x 10*%(/10 days)~°-° ergs s~ '], inverse Compton
losses are in this case likely to be important down to y = 30.
This implies in the Razin case that the inverse Compton
timescale during the first 100 days is fcom, ~ 0.36(2/10
days)?* A% days. The thickness of the emitting region is
AR, X Vicomp/4, o1 for 4 ~3 cm AR, ~ 2.5 x 10*3(#/10
days)># cm. The energy density is then u,; ~ 1.9 x 10%(¢/10

days) 3! ergs cm~ 3 This can be compared with the
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thermal energy density behind the shock, uyema =~ 3.4
x 102.4/(t/10 days)~2 ergs cm™3, which is only slightly
higher than u,,.

Our estimate of u,,; is most likely a serious underestimate,
since we have only included the spectrum between wave-
lengths 1.3 and 6.3 cm [already at 21 cm, y ~ 60(¢/10
days)®-°7]. In reality, one should extrapolate the electron
spectrum down to y ~ 1, which could increase the energy
density by a factor of y(4 = 1.3 cm)'-®> = 300. The exact
factor depends on the detailed cooling processes as well as
the form of the spectrum close to y ~ 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., Chevalier 1982b). The main reason for this problem is
the weak magnetic field and the steep power-law index
derived from the Razin cutoff. Because F, oc N, ; B**, this
results in a very large value of N,.

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 field, 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 effect of suppressing the too high flux at
long wavelengths in the synchrotron self-absorption model.
As we will find, this model also solves the efficiency problem
above by requiring a higher magnetic field, 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
(1), integrated over the supernova disk, but still assuming a
fixed spectral index. We then have (1 cm) and 7,1 cm) as
free parameters, in addition to o and §'.

For a given temperature, T,(r), and including the Gaunt
factor, g, the free-free optical depth along a ray with
impact parameter s is given by

., (1+2X
Te(t, 5) = 5.63 x 1053.4%3> 511—4)(;

r {—2.78 + log [AT()]}

R, Té(r)3/2r3(r2 _ SZRSZ)l/Z

dr, (24

where X = X(He)/X(H). t is therefore sensitive to the
radial temperature profile, as well as its dependence on
time. Lundqvist & Fransson (1988), as well as FLC96, have
discussed the determination of this extensively, and it is
found that at radii <1 x 10'° cm the gas cools rapidly from
=1 x 10°K to ~2.5 x 10° K, while at large radii the tem-
perature is fairly constant at ~(2-2.5) x 10> 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 1993] in
Figure 11 of FLC96. While this behavior is probably quite
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 profile, assumed to be constant with time, and
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given by

15 )
T(r) = max [T15<10f°m> ,2 x 10° K] . @9

We then vary the parameters T; s and 0 to get an optimum
fit of the spectra. Although indicative of the actual tem-
perature, equation (25) should only be interpreted as a con-
venient fitting formula. The reason is that the fundamental
parameter for the fitting of the spectra is not T(r), but rather
7:(t). As shown by equation (24), the same 74(f) can
be obtained by different ./ and T,(r), as long as .#? x
| T(r)~3"*r~* dr ~ constant. Different temperature profiles
can therefore yield the same result for t(t). The value of T,
given by equation (25) should therefore only be interpreted
as a weighted average. Also, the dependence of T, on ./
should be kept in mind when interpreting the results.

We have calculated the best fit for different values of «,
T:s, and 6, when S'(t) and t(t) are varied for each date. We
find that good fits are obtained for 6 = 1.0 and T;5 = 2.75
x 10° K, with y2 = 1.4-1.5. Larger and smaller values of §
give considerably higher y2. The free-free absorption is well
determined only by the spectra and light curves later than
~10 days. We have tested different values of the spectral
index and find that we get a best fit with o = 0.85, or
p = 2.7. Because the quality of the fit is very similar to that
in the more detailed model in Figure 8, we do not show it
here.

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

2
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Fic. 4—Evolution of A, _, and the scaled source function S'(t) =
7S(f)R(t)?/D? for the synchrotron self-absorption model with external free-
free absorption.
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unity, 4, -, = t,(t)” /*/**, and the scaled source function
at 1 cm, S'(t). A least-squares fit to the observations for
10<t <100 days gives

t qi
j’rss;,:l = 110<m> > (26)

with 4;, = 1.07 cm and ¢, = 0.68. For ¢t 2 100 days the
evolution gets steeper and 4,, = 0.81 cm and g, = 0.81. The
dispersion in the exponent is +0.03. Similarly, the variation
in §’ can for 10-100 days be fitted by

t qs
S =38, o(m) , (27)

where S,, = 60.1 mJy and g5 = 2.43, while at later times
(2100 days) the evolution is less steep with S;, = 1.67
x 102 mJy and g5 = 2.00.

Knowing 4, _,(tf) and S'(t), we can now calculate the
magnetic field and the column density of relativistic par-
ticles:

B(t) = 945 x 10_8c@)2<%>4S’(t)_2 , (28)
where
@+
4P =05 1080 + 1

Il + 8)/41T[(p + 5)/41T[(3p — 1)/12]T[(3p + 7)/12]
I'l(p + 6)/41T[(p + 7)/41T[(3p + 2)/12]T[(3p + 10)/12]
(29)

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

1.98 x 1017
(1.18 x 10~ 2)

Nrel(t) =

y Il + 8)/4]
(p + 10/3)I'[(p + 6)/41T[(3p + 2)/12]T'[(3p + 10)/12]

x B-0+D/2) =042 oy =2
Tssa = ‘

(30)

As is seen from equations (28) and (30), both B(f) and
N../(t) depend on R(t), which in turn is determined by the
ejecta structure. In this section we assume for simplicity a
constant velocity of ¥ = 2.2 x 10*km s~ ! (see § 3.2.3).

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

t —0.931+0.08 V 4
Bl =255 (10 days) <2.2 x 10 km s—1> G

(31)

Within the errors, N,(t) is nearly constant, although the
scatter increases considerably for ¢ = 100 days. The level of
N, in Figure 5 should be compared with that in the Razin
model from § 3.1.1. Because of the higher magnetic field, and
most importantly the smaller value of p, N,., is roughly 6
orders of magnitude smaller than for the Razin model.
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F1G. 5—Evolution of the magnetic field and column density of rela-
tivistic electrons in the synchrotron self-absorption plus external free-free
absorption model.

With the magnetic field in equation (31) we can calculate
the Razin wavelength from equation (18)

. Vv 2 t
Jmo = 3.5 x 102,40
RO 8 <2.2 x 10* km s—1> <10 days> em

(32)

Comparing equations (26) and (32) we find that the Razin
effect in this model is unimportant.

Although the above results are of great interest, and will
be discussed in detail below, there are several deficiencies 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 different processes involved, as well
as being a guide to the values of B and N, and their sensi-
tivity to different parameters.

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

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

t -1
10 days) ’ (33)

where B, , parameterizes the strength of the field. From our
earlier discussion and anticipating the results below, we
expect B, ~ 30 G, to which we scale our estimates. To
express our results as a function of time rather than radius,
we use in this section R(f) = 1.72 x 10'3(¢/10 days) cm, cor-
responding to a constant velocity of ¥V = 2 x 10*km s~ 1.

We first estimate the typical Lorentz factor for the rela-
tivistic electrons responsible for the radiation at wavelength
Afromy ~ 85(AB)~ /2, or

¢ 1/2 By, -1/2 "
= 15. PRELC 4
r=15 5(10 days) (30 G) (34

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

tsynch_ -1 BlO ~2 t
. Lo <30 G) 10 days) - (33)

In terms of the observed wavelength, this becomes

oynch 2 By, \ 32 ¢ 1/2
bameh _ 6.4 % 10~ .
; Co4x 10704 (30 G) (10 days) (36)

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

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

tComp — i me CZ ~ 40'}’ -1 LBol -t
t 167 yogJgo 1042 ergs s~ !

< 4 (L (37)
2 x 10*km s~'/ \10 days/’

where Jg,; and Lg,, are the bolometric mean intensity and
luminosity, 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 flux 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 Young, Baron, & Branch (1995),
from observations by Richmond et al. (1994) and Lewis et
al. (1994). Unfortunately, the reddening is uncertain. A
range in Ez_, of 0.08-0.32 has been estimated by Rich-
mond et al. Unless otherwise stated, we will use E;_, =
0.08 in the following.

The luminosity in X-rays from the circumstellar and
reverse shocks are calculated in FLC96 and Fransson
(1998). The circumstellar shock is important only for ¢ < 10
days, and based on Figure 8 in FLC96, scaled to .# = 1, we
estimate L. = 3.1 x 10*}(t/10 days)~'? ergs s ! To
include both the in-going and outgoing radiation we multi-
ply the results in FLC96 by a factor of 2. In Fransson (1998)
the evolution of the reverse shock luminosity is calculated
for realistic density profiles, and it is found that L ., = (1-2)
x 10*  ergss 1.

The mean intensity, J;, of the different luminosity com-

B(R,) = B10<
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ponents at the position of the circumstellar shock is given
by J; = WL;/4n*R?, where W = {1 — [1 — (R;/R)*]*?} is
the dilution factor. The radius R; stands for either the
photospheric radius, R, or the shock radius in the two
cases. For R, < R,, J ~ L,;/16n*R;. The radiation from
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 R, ~
(1.0-1.3)R,.,.

In Figure 6 we show the resulting total mean intensity
multiplied by 16n2R2, together with the individual contri-
butions from the ejecta and the shock waves for .4 = 1. In
the case that R; < R,, this essentially gives the total lumi-
nosity from component i. During the first ~100 days, the
radiation density is dominated by the ejecta, with an
increasing contribution from the reverse shock, and can be
approximated by Ly, ~ 4 x 10*%(¢/10 days) °-° ergss~'.

The Compton scattered optical photons from the ejecta
and the thermalized X-rays from the reverse shock emerge
at hv =~ y?hv, ~ 0.1-100 keV. For our parameters, the lumi-
nosity in this range is ~2.5 x 10°3(L,,.,/10°7 ergs
$ 1)Ly, /10** ergs s~ 1) ergs s~ 1. The free-free flux from the
shock (FLC96) therefore dominates the X-rays. One can
also show that the ratio between first- and second-order
Compton scatterings (Rees 1967) is small.

Knowing both the magnetic field and the radiation
density, we can calculate the critical value of the Lorentz
factors, ysnen and ycomp, for which the synchrotron and
Compton timescales are equal to the expansion timescale.
In Figure 7 this is shown as the solid line. We also show the
approximate value of y for the electrons responsible for the
emission at 1 and 21 cm, y; ., and y,; ., respectively, as
given by equation (34). Clearly, synchrotron losses are more
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

feout _ g9 x 10-3p.41 4 Mt
t 4 2 x 10*km s~'/ \10 days/

(38)

For 9 < Yo = 1.1 x 10%(t/10 days)~! Coulomb losses are
important. We should also compare t.,,, with the synchro-
tron timescale, and we find that for

Y S Yoo = 8.62.4*1 Bio )™ 4 N (39)
~ s 30G 2 x10*km s~ !

log 16 n* R? I (erg s™)

S . ejecta
N

Ll L s
10 100
Time (days)

1000

FiG. 6.—Evolution of the mean intensity, J, at the shock, for E;_, =
0.08, M =5 x 107° M, yr~*,and u,, = 10 km s~ *. The quantity 16x>R2 J
is essentially the total luminosity at the shock.
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F16. 7—Lorentz factor, s ,cn> Ycomp> Ycou» fOr Which the synchrotron,
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 y
responsible for the emission at 1 and 21 cm are shown as solid lines.

Coulomb losses dominate synchrotron losses. In Figure 7
we show y¢,,; and y,. for .4 = 1. We note that y__ is inde-
pendent 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., Pacholczyk 1970, and
§ 5 below). Coulomb losses have the opposite effect to syn-
chrotron losses in that the electron spectrum index flattens
by one power, compared with the injected spectrum. There-
fore, with the parameters in Figure 7, we expect that before
~100 days (i.e., when y, .. ~ Ycow) the electron spectrum
will be flattened by one power for energies below y, - and
steepened by one power above 7y,.. In reality, both
Coulomb and synchrotron compete in the regions
responsible for the observed emission, and the spectral
index is intermediate between these values. Later than
~100 days, the electron spectrum will have three regions,
one between ¢y, < 7 < Ysynens Where the spectrum is equal
to the original input spectrum, while below and above this
region the spectrum is flattened 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 (Chevalier, Blondin, & Emmering
1992). The timescale of acceleration depends on the spatial
diffusion 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 1992; Duffy, Ball, & Kirk 1995). From the expression
given by Ball & Kirk (1992) for the variation of flux with
time (their eq. [8]) we find that the rise is likely to be very
rapid, ¢,.. < 10 days. Here, we therefore assume that the
electrons are accelerated almost instantaneously (i.e., t,., <
tcomps 1), With a spectrum ocy ™7,

In calculating the electron distribution we use the
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equation

ON(y) 0 g 2 N(y)
T—ay[tmN“} {“ [ }}

M (i — DVn.q (@)m
——= 4+ :
tesc 4ymin Y

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

1 1 1 1\
Lioss = < + +—+ —) . 41
tsynch tComp tCoul t

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

(40)

1 (.
E(y) = mi e f](v, 7) 2 dv, 42

accounts for the heating of the nonthermal electrons by the
radiation. In this, j(v, y) is the single electron emissivity. The
third term of equation (40) describes the escape of particles,
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
ym, c* per second and unit area, which we assume to be
instantaneously accelerated at the shock. A similar equation
was first used by McCray (1969) to discuss the thermaliza-
tion of the electron distribution, when synchrotron self-
absorption is important, while the form given here is
basically that used by de Kool, Begelman, & Sikora (1989).
The equation assumes that the electrons are relativistic, but
given our ignorance of the details of the injection process,
which certainly influences the distribution for y ~ 1, this is
sufficient. Equation (40) is solved by the semi-implicit
method of Chang & Cooper (1970).

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

as
vt P t t t \7!
N(y) = 22 < > <1+—+ + ) :
4ymm Y min, tCoul tComp tsynch

43)

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

Because V(t), L., and M are determined from other
observations (§ 3.2.3), we have for each spectrum two
parameters, n,.; and B. We have to further assume a specific
input spectrum for the electrons (i.e., p;), which we take to be
constant with time.

3.2.3. Velocity Evolution

The magnetic field and electron density depend on the
velocity evolution of the shock, i.e., on R, (e.g., eq. [28]). The
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 R, oc t™, where, for an n, oc r =2 wind, m = (n — 3)/(n — 2)
(Chevalier 1982a). A flat density profile, n < 7, causes the
shock to slow down, while a steep profile, n = 20, gives a
shock of fairly constant velocity. Unfortunately, the density
structure of the ejecta is uncertain, depending on an equally
uncertain progenitor structure. Optical line profile obser-
vations of SN 1993J provide some constraint on V(¢). This,
however, refers to the ejecta gas and not directly to the
radio emitting plasma, which is likely to be 20%-30%
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

& BJORNSSON
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the first 92 days Bartel et al. (1994) found roughly undecel-
erated expansion, m = 0.96 + 0.07, with a velocity
V = 19,000 + 3000 km s~ '. Most of the uncertainty in V
comes from the M81 distance errors, D = 3.63 + 0.34 Mpc
(Freedman et al. 1994), which do, however, not enter in m.
At later times, 182-1304 days, Marcaide et al. (1997) find
strong evidence for deceleration, with m ~ 0.86+0.02. It is
quite possible that the VLBI velocities above are underesti-
mated. FLC96, as well as Bartel et al., argue that the Ha line
indicated an ejecta velocity of 18,000-19,000 km s~ ! at
10-30 days. The shock velocity should be a factor of 1.2-1.3
larger than this, or 21,600-24,700 km s~ !. Furthermore, the
VLBI measurements have a fairly small dynamic range;
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Fic. 8.—Fits to the VLA spectra at six different 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

Vo t<t,,

t) = t\" Y
140) Vo<_> <t
t
p

with ¥, = 22,000 km s~ !. Because we take V = constant for
t < t,, our value of m will be less than the value of m = 0.86
from Marcaide et al. With ¢, = 100 days our effective value
of m up to day 1304 is m = 0.74, corresponding to n ~ 6.
Using t, = 200 days would not change our results signifi-
cantly.

4. RESULTS

With all parameters fixed, except B, n,,, and p;, we can
now repeat the modeling in § 3.1.2 for each date, thereby
determining the unknown parameters from a yx* fit.
However, in contrast to § 3.1.2, we take the different cooling
processes into account. The resulting spectra at six epochs,
from 11.5 to 923 days, are shown in Figure 8. Also shown is
the spectrum when free-free absorption is neglected. It is
seen that when the latter process is included the fit 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 § 3.1.2 shows that the best fits for the

free-free absorption are obtained for 6 = 1.0 and T} 5 = 2.75
x 10° K and an asymptotic temperature of 2 x 10° K.

This, and the evolution of temperature derived from the
observations, can be compared with the calculations in
FLC96. At 10 days FLC96 (their Fig. 11) find that at a
radius of 1.5x R,, T,~6.3 x 10° K, decreasing to
3.0 x 10° K at 20 days and then staying at a constant value
of 2.5 x 10° K up to day 100.

As we stressed in § 3.1.2, the most relevant quantity to
compare with the observations is not the temperature, but
the optical depth. A further complication is that the tem-
perature in FLC96 not only varies with radius, but, con-
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 [ie. 7 oc [ T(r, 1)~ ' n(r)*dr]. In
Figure 9 we show the free-free optical depth, averaged over
the disk, for the p oc =2 model in FLC96 along with that
determined by the observations. In general the two results
agree to better than a factor of 2. While the difference is
significant, we feel that it is remarkable that they agree as
well as they do, and that this agreement gives us increased
confidence 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 (Lundqvist & Fransson 1988). An approximate fit to
our results in Figure 9 is given by

4>—2.1 . @)

= _ 2.1
Zef(t) = 0.124 < 10days
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F1G. 9.—The free-free optical depth at 1 cm determined from the fits in
this paper, compared with the optical depth from the model calculations of
the circumstellar temperature in FLC96 (dashed line).

The fact that we get a power law significantly flatter than
¢t 2 even in the constant temperature region at t = 100 days
is due to the compensating effect 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 FLC96. Most important
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 affect 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 flux from the shock through Comp-
tonization of the soft photospheric photons. The uncer-
tainty in the shocked electron temperature is therefore
reflected 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 Figure 10 we show the resulting magnetic field as a
function of the shock radius. The errors in B and n,,, are
determined from the 1 o contours of constant x2 in the
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F1G. 10.—Evolution of the magnetic field as a function of shock radius.
The dashed line shows the expected evolution if B> oc p;,4 V2, while the
dotted line shows the evolution of a B oc R; ! field.
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B-n,,, plane. The scatter in B(t) at late times is related to the
scatter in S'(¢), which enters quadratically in B(f).
A least-squares fit to the data shows that

B(t) =B R, )7 Y ) (45)
—U1\1015 ¢m 22x 10*kms~ 1)’

with B;5 = 61.1 + 4.7 G and § = 0.984 + 0.028. As seen by
the dotted line in Figure 10, it is certainly compatible with a
simple B oc R; ! law. A best fit with this dependence is given
by B;s = 63.5 + 4.8 G (8 = 1.0). Note that the errors do not
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 Boc R; ! dependence is close to that expected if the
magnetic field behind the shock is amplified by a constant
factor from the circumstellar magnetic field of a rotating
progenitor. If the wind has sufficient angular momentum,
the magnetic field should have the topology of a “Parker
spiral ” at large radii (Parker 1958 ; Weber & Davis 1967). In
this case one expects B oc r~ !, while a radially expanding
wind has B oc 2.

The magnetic fields of the circumstellar media of late type
supergiants are uncertain. Based on polarization obser-
vations of OH masers in supergiants, Cohen et al. (1987)
and Nedoluha & Bowers (1992) estimate that at a radius of
~10'® cm the magnetic field is ~1-2 mG, although the
uncertainty in this number is large. It is unlikely that the
magnetic field in the wind is higher than that corresponding
to equipartition between the magnetic field and the kinetic
energy of the wind. This means that B?/8n < pu2/2, giving

Mu, )2 M 112
MW T _ o5 M
r 107> Mg yr

u 1/2 , -1
8 (10 km s—l) <1016 cm> 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 field (Chevalier et al.
1992; Jun & Norman 1996).

At 10 days, corresponding to a radius ~1.9 x 10'° cm,
we find that the magnetic field in the emitting region is ~ 34
G. Using the above estimate of the circumstellar magnetic
field and a shock compression by a factor of 4, this post-
shock magnetic field would be B~ (24-4.8) x 1072 G.
This is a factor ~ 103 less than that inferred from the obser-
vations and therefore strongly argues for magnetic field
amplification behind the shock. Although this conclusion
rests on the very uncertain estimate of the circumstellar
magnetic fields of the progenitor system, a simple shock
compression of the field can probably be excluded and gives
support to the results found in the simulations by Jun &
Norman (1996).

If the scaling of the magnetic field is based on the thermal
energy density, one expects B2/8xm oc pV?, implying B oc
V/Rsoct™! oc Ry 1™ (e.g., Chevalier 1996). This is shown as
the dashed line in Figure 10. Although there is formally
better agreement with the B oc R, ! curve (dotted line), the
errors in the data in Figure 10 are large enough that we find
it difficult to separate these two cases. In the following dis-
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cussion, we will assume that the magnetic field follows

B)= B[ ——) Yo Yoan
~ T1%\10 days) \22x 10*kms~ ') ’

with B,, = 34 G. This choice is of no importance for the
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

Up Bio \ - 1
~ 0.14 M 48
utherm <34 G) ’ ( )

independent of time. It is interesting that the field is of the
same order as that given by equipartition. The difference
from equipartition is, however, significant.

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
p; = 2.1 and constant in time. We therefore use this value in
the discussion below. In Figure 11 we show the density of
the injected nonthermal electrons, given by n,;, as a func-
tion of shock radius. The value of n,, is determined mainly
by the optically thin flux and, therefore, from the arguments
in § 5, can be shown to depend on velocity as n,, oc
V3~2prioc Y12 A least-squares fit to the data in Figure 11
for the first 100 days is given by

-n —-1.2
nrel = nrel 15 ’yr;i}{l RS I/O — s
103 cm 2.2 x 10* km s~ 1

(49)

where n,; ;s = (6.1 + 0.7) x 10* cm ™2 and # = 1.98 + 0.04.
After 100 days there is a prominent steepening of the slope,
and one finds that n,, ;5 = (4.0 + 0.9) x 10° cm~3 and
n = 2.64 + 0.05. A fit based on n = 2 during the first 100
days givesn,. 5 = (6.4 + 0.8) x 10*cm 3.

Chevalier (1996) has discussed scalings for the number
density of relativistic particles based on either a constant
fraction of the thermal particle density, n,o; oC pying € R™2,
or a constant fraction of the thermal energy density, n,; oc
Puing VZoc R™2V2% oc t ™2, Here p,,;.q is the wind density.
These scalings have little physical motivation and can only
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F1G. 11.—The number of relativistic particles as a function of the shock
radius. The dashed line shows the expected evolution if n,,, oc p;.q V2,
while the dotted line shows the evolution if n,; oC p;04-
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be justified 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 field. Taking
the two alternatives for the relativistic particle injection effi-
ciencies into account, we write

14 2e
Niel = f;el ne<70> H (50)

where € = 0 for n,; oC pyiq and € = 1 for n,,, oc py;q V2
The thermal electron density, n,, behind the shock is given
by equation (16).

As long as the velocity is constant, both prescriptions
give the same result, n. oc R"2. When the velocity
decreases after 100 days, p;,q V2 oct™2 oc R; 2™ oc R, 266
for m = 0.74. This is shown as the dashed line in Figure 11.
As is obvious from both the figure and the fit above, n,; oc
Pwina V2 teproduces the observations remarkably well,
while the n, oc p,;,q model is incompatible with the
observed evolution. This important result shows that a
fixed fraction, f.;, of the thermal particle energy density is
accelerated to relativistic energies.

The best-fit value of f,., found by this analysis and the
modeling in next section is f,,; = 1.85 x 10~ *. The energy
density in relativistic electrons immediately behind the
shock is
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The ratio of the nonthermal electron density and the
thermal total energy density behind the shock is
Upe/Uiperm ~ 5.9 x 107°Q. For p,=21, y...=1 and
Ymax = 0, @ = 8.7; while y,;, =5 and v, = 15, corre-
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
Ujon/Uinerm = 0.110Q. Tt is therefore conceivable that, to within
an order of magnitude, rough equipartition between the
nonthermal particles, the magnetic field 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 differ-
ent wavelengths. By calculating the time evolution, we can
also include other effects 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 §§ 4.2 and
4.3, we now make an assumption about the behavior of the
magnetic field and injection efficiency. For the injection rate
we use equation (50), with € = 0 or € = 1. The high ratio of
Ug/Uperm (€q. [48]) may be taken as an argument for a

L (Padit? —yant?) scaling up oC ty,erm, OF B oct™ !, rather than B oc R; !, and
Ure = fre1 M M, C i —2) the calculations below therefore assume Boct™'. As we
' show, the results are essentially independent of this assump-
= £ .M, € QPmins Vmax> Pi) - (51) tion. For the radiative transfer we use equations (1), (6), and
o [ _
2 1k 3
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FiG. 12.—Calculated and observed radio light curves for the model with p;, = 2.1, € = 1,£,,, = 1.85 x 10™%, and n = 6.5, discussed in the text, together

with VLA observations, and the 2 cm Ryle observations ( filled triangles).
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(8). In contrast to § 4, we now use the full form of equation
(40), including self-absorption effects on the electron dis-
tribution, as well as advection and the explicit time depen-
dence.

The evolution of the velocity of the shock (through B, n,.;,
and R) is important for the number of relativistic electrons,
and we use the parameterization in § 3.2.3. In the analysis
we include all VLA observations, as well as the 2 cm obser-
vations by Pooley & Green (1993). In particular, this
includes several observations from 5 to 10 days, which were
not used in the analyses in §§ 3.1.2 and 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 different wavelengths very
well. The reproduction of the observed slope at early times
is a result of

F(t, > 1) oc R?S, e” ™ oc R?2B™12e ™ oc t2%¢ ™™ (52)

(e.g., Chevalier 1982b). This is considerably shallower than
the pure free-free case discussed by FLC96. Because the
magnetic field is mainly determined by the optically thick
part of the spectrum, equation (52) illustrates the sensitivity
of the derived value of B to the free-free optical depth.

In Figure 13 we show the electron distribution at three
different epochs, and in Figure 14 we show the effective
spectral index of the electron distribution, p. = 2o + 1, at
the energies responsible for the emission at the different
observed wavelengths. At early times the range is very large,
Pess = 1.3-2.5, while at ¢ = 1000 days the range is smaller at
Pt = 2.4-2.8 (yet still higher than p;), showing that cooling
is important throughout the whole period. The range of p.
even 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 § 3.1.2. The evolution of the electron spectrum
can be compared directly with Figure 7, where it is seen that
for the shortest wavelengths synchrotron cooling domi-
nates, while at longer wavelengths Coulomb cooling domi-
nates before ~100 days, explaining the low value of p.,
especially for 21 cm. It is, however, important to note that
the effects of the various cooling processes extend over a
considerable energy range, and the values of y,,.;, and Yoy
are only rough indicators of the cooling effects.
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Fi1G. 13.—Integrated line-of-sight electron spectra at 10 (solid line), 100
(dotted line), and 1000 (dashed line) days. The flattening of the spectrum
caused by Coulomb losses below y ~ 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
y ~ 10, corresponding to the energy of the electrons at which the optical
depth is larger than one.
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F1G. 14—The effective spectral index p., of the electron distribution at
the Lorentz factor [y = 85(B4)~ /2] responsible for the emission at 1.3-21
cm for the model in Fig. 12.

Synchrotron self-absorption effects on the electron dis-
tribution are modest and can be seen only close to the peak
in the spectrum (Fig. 13). This is the cause of the crossing of
the spectral index curves seen in Figure 14. The reason for
the modest self-absorption effects on the electrons is that
the Coulomb timescale is shorter than the synchrotron
timescale for y corresponding to 7(v) 2 1. The electrons are
therefore downscattered in energy faster than they are redis-
tributed by the self-absorption, in agreement with what de
Kool et al. (1989) find. The optically thick flux is quite
independent of assumptions about spectral index or
cooling, which are important when 7, < 1. Only close to the
peak in the spectrum, where t, ~ 1, can some effects of the
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 effect is unimportant for
the flux at all wavelengths because of the necessarily high
magnetic field.

Both the optically thin luminosity and the optical depth
are determined by the line-of-sight integrated number of
relativistic electrons per energy, N(y), and a qualitative dis-
cussion of this quantity is of interest. For this purpose we
neglect the self-absorption effects on the electron spectrum,
as well as the Razin suppression. If we write equation (43) in
terms of the synchrotron timescale t,,., = 6nm,c/o1yB?,
we get

d 3 14 —(pit1)
N(y):d_';ARm:M< y )

2o-T Bzylznin Y min

2 -2 -1
Ys-C 1.0 ( By, 3
* [1 " C(t)+< Y ) - Y <30 G) (10 daYS>] ’

(53)

where

Bio \ 2 Ly (t)
C(t) = 249 x 1073 —*2 o
® % <30 G> <1042 ergs s~ !

14 -2
x (2 x 10* km s_1> ) 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 (eq. [39]), and the last, the adiabatic losses. When
synchrotron losses dominate, the factor y~%i* 1) means that
the integrated electron spectrum is steepened by one power,
while if Coulomb losses dominate, it is flattened by one.

Using equations (53), divided by 4n, and a delta func-
tion approximation for the total emissivity of a single
electron in an isotropic magnetic field, j(y, v) =
cor B*y?8(v — vo By?)/6m and j, AR, = [ N(y)/4nj(y, v)dy, in
equation (5) with 7, <1, we find

1 (R,\?
Fv(rssa < 1) = Z <BS> m, C2 Vnrel anii;l

¢ -1
B)®Pi—2)/2,-pil2| Yoou (__V
x (vo B) v [ +C+ y \10 days

Vg |12 ¢ 1/27-1 s
V) \10days ] > 9
where

-1 y =
9 -
Veou = 9:32 x 10 <3OG> ﬂ(z » 10* km s—1> Hz,

(56)

8 B -2
Ve = 1.25 x 10 (30G> Hz . (57)

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

30G

. v, 1.26 x 10%\7i2
2 x 10* km s~ 1 v

) (2e+ 1)1 —m)—(pi—2)/2

. B10 pi/2—1
Fy(ty, < 1) = 1.41 x 108f.4

<10days
cou [t \7*
><|:1+C(t)+ . <10days>
1/27]-1
( ) <1Odays> ] my-
(58)

The slow increase in the flux 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 o« =dInF,/dlnv in equation (58) and
using p.e; = 200 + 1 gives a good representation of the evol-
ution of the electron spectral index at the various wave-
lengths, as shown in Figure 14.

After ~100 days the shock velocity decreases according
to m=~0.74. Neglecting the variation in the denominator of
equation (58) (in brackets), we get for =100 days F (7., <
1) oc t~0-3170-32¢ The evolution of the optically thin flux is
therefore considerably steeper if € = 1, F (1., <1) oc t~ %83,
compared with € = 0. Comparing with the observations
after ~100 days there is much better agreement with the
My OC Pying V2 model, compared with the n,,, oc p model.

+
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The n,,; oC pying model gives too slow a decline for reason-
able values of p; and m. This is consistent with the conclu-
sions in § 4.3. We also note the insensitivity of the optically
thin flux to the magnetic field when p; ~ 2, F, oc B¥~2)/2
explaining the difficulty of separating the Boc R™! and
Boct™ ! cases.

The break in the light curves at ~ 100 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 n,; in Figure
11, shows that the transition from constant velocity to a
more rapid decrease is fairly sharp, and should reflect a
similarly well-defined flattening in the ejecta structure.

For our parameters adiabatic cooling starts to dominate
at t~ 1000 days. However, as can be seen from Figure 14,
the spectral index even at 3000 days is considerably higher
than the input spectral index, p; = 2.1. In the adiabatic
phase the optically thin flux scales as

Fv('fssa < 1) oct @i~ D2-A+29(1—m) (59)

We have also experimented with different slopes of the
injection spectrum, p;. The most sensitive part of the spec-
trum is not surprisingly the epoch later than ~ 100 days,
when most of the spectrum is optically thin. At these epochs
the light curves are quite sensitive to p;, and variations in
the range 2.0 $p; <22 change the fit to the light curves
markedly (as shown by the x2). Our conclusion is therefore
that the spectral index of the injected electrons should be in
the above range, and not be changing in time. A value
p; = 2.1 is remarkably close to what diffusive shock acceler-
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 equation (43) for the electron spectrum
compared with the full solution of equation (40). We find
that the difference between these approaches is small in
both the magnetic field 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 § 4 should therefore not be
affected by the additional effects 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 effect will be
important. This is discussed extensively from the point of
view of different supernova categories by Chevalier (1998).
Here we limit ourselves to a few supplemental remarks. The
radial optical depth to free-free absorption is

(T, \"3? 14 -3
~ 2 2 e
o X 42 (105 K> (2 x 10* km s—1>

t -3
X (10 days) ' (60)

In the synchrotron cooling domain, and assuming for sim-
plicity that p;, = 2, the synchrotron optical depth is 7, ~
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1.6 x 10%.,, 4(B,/30 G)'*(V/2 x 10* km s~ 1)~ }(t/10
days)~°/2)7/?. From this we note that , in this case is fairly
insensitive to the magnetic field. In the adiabatic regime we
get 7, ~ 1.9 x 105, .4 (B,,/30G)*(V/2 x 10* km s~ 1)1
(/10 days)~343. In accordance with our results in § 4.2, we
further assume that the magnetic field is some fraction ¢ of
the equipartition value, B,;, ~ 1 x 10?¢*2.# G. The ratio
of the synchrotron self-absorption and free-free optical
depths is then in the cooling case

T 3 va y-saf T 32
- x~6.7 x 10 M~ ——
T X 10 ¢ <1o5 K)

v 2 ¢ 1/2 "
% <2 x 10* km s_1> <10 days) A7, 6D

and in the adiabatic case

% s o T )" d '
T ~ 48 x 10 frel ¢(105 K) 2x10*kms~! A
(62)

With the same assumptions, the ratio of the synchrotron
cooling time to the expansion time is
t 1/2
7> A2 (63)

10 days

Unless .4 < 1 and/or ¢ < 1, synchrotron cooling is likely
to be important.

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

The magnetic field is probably related to the progenitor
system, and may differ between normal Type II, IIb, and Ib
supernovae. Because the latter types are likely to be com-
ponents in binary systems, this fact may influence the cir-
cumstellar magnetic field. In addition, the turbulent
amplification 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 field.

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 flux from the supernova
(Lundqvist & Fransson 1988). A higher expansion velocity
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 (Filippenko et al.
1995) had higher expansion velocity (22 x 10* km s~ 1)
than SN 1979C and SN 1980K (~1.2 x 10* km s~ ). 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 difference in the
supernova properties is illustrated in the different circum-
stellar temperatures found for SN 1979C and 1980K, com-
pared with SN 1993J. In the former cases Lundqvist &
Fransson (1988) found a peak temperature of ~2 x 10° K,
while in the latter case the peak temperature was =10° K
(FLC96). Even more important, at 100 days the tem-

fomsh & 1.1 10-2¢—3/4,/%'—3/2<
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perature was still~2 x 10° K for SN 1993]J, while it was
only (2-3) x 10* K for SN 1979C and SN 1980K.

Therefore, equations (61) and (62) show that a higher
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 7 itself is so sensitive
to the velocity and temperature (eq. [60]), the sensitivity to
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,
equation (61) gives rise to the question whether synchrotron
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 Shklovskii (1985) and more recently by
Chevalier (1998). These authors have discussed especially
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 § 3.1.1, the main problem for the
Razin effect to be important is that it requires a very low
magnetic field. 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 effect to dominate also means that
Coulomb losses will become important. We therefore do
not expect the Razin effect 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 4 >
Aro=1 the intensity will be that of a uniform disk, while at
A < A, - limb brightening is important (Marscher 1985).
For this latter situation the full set of equations (1)—(3)
should be used. Free-free absorption with the consequent
limb darkening is only important for the longest wave-
lengths. VLBI observations by Bartel et al. (1994) and
Marcaide et al. (1997) have been obtained at 1.35 and 2.01
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 find 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

vt
AR x —5% oc VB™231/2 (64)

In this ideal case the thickness would therefore increase
with wavelength by a factor of ~40% from 3 to 6 cm. One
would also predict that the thickness would increase with
time as the synchrotron timescale increases (Fig. 7). If the
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 field distribution, because the flux 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 field 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 fit to the spectrum, the Razin
effect can be excluded, based on an unrealistic injection
efficiency.

2. The circumstellar density is consistent with a constant
mass-loss rate and wind velocity, p;,q ¢ 7~ 2.

3. The free-free absorption inferred from the combined
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synchrotron-self absorption plus free-free model agrees well
with that estimated previously by FLC96.

4. The magnetic field in the synchrotron emitting region
can be reliably determined, and decreases like B oc R; !, or
alternatively as B oc t 1. The strength argues strongly for
turbulent amplification behind the shock. The energy
density is somewhat weaker than equipartition, ug/u ., &
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
p; = 2.1, indicating that diffusive shock acceleration is oper-
ating.

7. The number density of relativistic electrons scales as a
fixed 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 ~5 x 10~ 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, reflect the dynamics of the
shock wave and therefore also the ejecta structure.
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