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ABSTRACT

Diffusive acceleration of electrons by the blast wave of SNR 1987A is shown to provide a reasonable fit to
observations of the radio emission since it reappeared in 1990 July. As well as determining the diffusion coefhi-
cient in this model, the observations indicate that the compression ratio of the gas subshock embedded in the blast
wave is ~2.7, much lower than the value of 4 expected of a strong shock front. We propose that protons
accelerated by the shock front itself cause the weakening of the subshock by both heating and accelerating the
upstream plasma, producing a structure with a precursor to the gas subshock. Preliminary calculations using a
fluid modeli for the energetic particle population indicate that these effects can significantly weaken the subshock
Jjust a few years after the explosion, if the same rate of particle injection is assumed as in other models of the

acceleration of cosmic rays.

Subject headings: acceleration of particles — ISM: individual (SNR 1987A) — radio continuum: ISM —

shock waves

1. INTRODUCTION

Following a brief but powerful flare a few days after explo-
sion, Supernova 1987A disappeared from view as a radio
source for ~3 years. However, it reappeared in July of 1990
and has displayed a monotonically increasing flux ever since
(Staveley-Smith et al. 1992). In this paper we briefly review a
model of the emission in which electrons are accelerated at the
blast wave by the process of ““diffusive shock acceleration” and
subsequently emit synchrotron radiation in the magnetic field
of the progenitor’s stellar wind, which has been swept-up and
compressed by the shock wave (Ball & Kirk 1992). Using a
simplified treatment of the time dependence of the accelera-
tion process, and assuming constant speed and strength of the
shock front, we derive the characteristic light curve expected
when the rate at which electrons are injected into the accelera-
tion process jumps from zero to a constant value. In this way,
we attempt to model what might happen when the shock front
encounters an irregularity-—a “clump” of enhanced density or
a zone of stronger than average turbulence—in the progeni-
tor’s wind. At any given frequency, this characteristic light
curve rises rapidly at first, reaches a maximum and declines
slowly. The decline comes about because the electrons suffer
adiabatic losses as they stream outward with the shocked
plasma after acceleration, and because we assume a [ /r depen-
dence of the magnetic field (where r is the distance from the
site of the explosion). Comparing our theoretical light curves
with observations we find a good fit is obtained if the super-
nova shock front encountered two “clumps” at different
epochs.

! Invited contribution presented at IAU Colloquium 142, College Park,
1993 January.
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The radio emission turned on first at low frequency (843
MHz) and was detected at high frequency (4.8 GHz) some 60
days later. Correspondingly, the initially steep spectrum [a >
1.6, for flux density F(v) oc v~°] subsequently flattened, and
settled down into a power law of index o = 0.8-1. Such a
spectrum is compatible with diffusive acceleration at a shock
front only if the compression ratio is 2.5-2.9. This presents a
problem, since the Rankin-Hugoniot conditions for a hydrody-
namic shock front require a Mach number of less than 2 for
such a low compression ratio. Because the supernova blast
wave is still moving at high velocity ( ~30,000 km s™!; Stave-
ley-Smith et al. 1993), a Mach number of 2 requires an unreal-
istically high temperature in the ambient upstream plasma.
We overcome this difficulty by assuming that the shock front
accelerates not only electrons, but also protons. Two effects
then occur: the upstream plasma is accelerated before reaching
the shock discontinuity by the pressure gradient of energetic
particles, and at the same time it is heated by the Alfvén wave
turbulence which they induce. In § 3 we present preliminary
calculations of this effect using a two-fluid model similar to
those used in studies of cosmic-ray acceleration in the later
stages of SNR evolution (Duffy 1992; Kang & Jones 1991).

2. ELECTRON ACCELERATION

The model for calculating the temporal and spatial depen-
dence of the electron distribution and, from it, the synchrotron
emission, is presented in detail by Ball & Kirk (1992). It is
based on a division of each emitting clump into two parts: an
acceleration region close to the shock front and an expansion
region downstream of it. We assume the electrons in the accel-
eration region behave as if they were encountering a plane
shock. Once they escape into the expansion region, they cease
to diffuse and remain frozen into the fluid flow, suffering only
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adiabatic losses. Consider a plane shock front of compression
ratio p = v,/v, into which plasma flows along the normal at
speed v, and exits also along the normal at speed v,. This shock
accelerates electrons which diffuse in the background plasma
with a spatial diffusion coeflicient «, and which enter the accel-
eration process at the rate Q with momentum p,. Although it is
possible to write down the distribution function of such parti-
cles as a function of momentum, time, and space (Toptygin
1980; Drury 1991), we use a spatially averaged model (Axford
1981; Bogdan & Volk 1983): an electron is presumed to un-
dergo continuous acceleration while in the vicinity of the
shock, such that its momentum p increases at a rate pA/i,,
where A = 4(v, — v,)/3v is the average fractional momentum
gain per shock crossing/recrossing ( with v the electron’s veloc-
ity) and ¢, = 4x(1/v, + 1/v,)/v is the average time taken to
perform such a cycle (Bell 1978; Drury 1983). In addition,
these electrons escape from the shock region at a rate which is
just the escape probability per cycle P, = 4v,/v divided by the
average cycle time. Assuming /. independent of p, and time-in-
dependent injection for ¢ = ¢,, we find the synchrotron flux
density emitted by a single clump is

F(v,1) = C(D})‘“[(ﬁ—l)a[Byl(a, 1+ 13@)

4o n
—B, a1 +—)|+T=pel (1
J’Z(a’ 3 )] Zatp la ( )

where C is a constant, { = ¢/ t, is the dimensionless time, nor-
malized to an arbitrary fiducial time £y, 7 = v/(a, Byp3) is the
dimensionless frequency (with @, = 1.3 X 10'"Hz T™!, B, the
magnetic field at £ = 1 and p, the momentum with which
electrons are injected), & = P,./(2A) and B,(a, b) is the in-
complete 3 function (Abramowitz & Stegun 1972). The quan-
tity y, = (p.— 1)t/[pR, + (p — 1)t]is found by computing the
root R = R, of the function

S(R) = 5(pR) ™[R + t(p — 1)/p)""?
—exp [2(R—1,/p)/n], (2)

and y, = (p — 1)/p. The small dimensionless parameter n =
t./(Apty) is roughly the acceleration timescale in units of ¢,
and equation (1) is valid only when cut-offs in the electron
distribution are unimportant, i.e., within the frequency range
7 <D < By =1 T exp [2(2 = £,)/p7].

The basic features of the predicted emission from a single
clump are illustrated in Figures 1 and 2, both plotted with #,, p,
nand ¢, chosen to fit the emission from the first clump encoun-
tered by the blast wave of SNR 1987A, as discussed below. A
power law of index « is obtained extending from » = 1 /¢ up to
close to v,,,. The emission at a fixed frequency first rises as
particles are accelerated up to the required energy, and then
falls as adiabatic losses set in and the freshly injected particles,
which feel a weaker magnetic field, are no longer able to com-
pensate.

As discussed by Ball & Kirk (1992) the observed time de-
pendence of the flux from SNR 1987A at 843 MHz and 4.8
GHz fits a model in which two clumps have been encountered
by the shock front. This is illustrated in Figure 3.
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F1G. 1.—The predicted emission spectra from a single clump, at fixed
times denoted by the labels 1: 1223 days, 2: 1260 days, and 3: 1500 days.

However, the property of the emission of primary interest
here is its spectrum. During the period when SNR 1987A was
detectable at 843 MHz and not at 4.8 GHz the spectrum was
steeper than »~®. After switch on at 4.8 GHz it quickly flat-
tened from a power law of spectral index a ~ 1.3 to one with
o = 0.8-1. If the supernova blast wave is a simple sharp discon-
tinuity in the velocity field as a function of radius, diffusive
acceleration predicts a rapid flattening of the spectrum to a
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FiG. 2.—The predicted light curves at 843 MHz and 4.8 GHz, from a
single clump.
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FiG. 3.—The predicted light curves 843 MHz and 4.8 GHz, from two
clumps of material, superposed on the observations. For clarity, only a
subset of the data at 843 MHz is shown. The errors on the 4.8 GHz data are
comparable to the size of the crosses.

value & = 3/[2(p — 1)}, and our best fit to the observations
thus indicates p = 2.7 rather than the value 4 expected of a
strong shock front in a gas whose ratio of specific heats is 5/ 3.
Because the supernova remnant is still well within its free ex-
pansion phase the downstream plasma velocity is still roughly
30,000 km s~!. Compared to the undisturbed upstream
plasma, this corresponds to a very high Mach number, so that
the shock front in this simple picture is certainly strong.

It appears, therefore, that either the diffusive mechanism is
not responsible for the radio emission, or that the picture of the
blast wave as a simple discontinuity is incorrect.

3. STRUCTURE OF THE BLAST WAVE

There has been much interest recently in the problem of
calculating the efficiency with which supernova remnants can
accelerate cosmic rays (Drury, Markiewicz, & Vélk 1989;
Kang & Jones 1991; Duffy 1992). A useful approach is the
“two-fluid” model, in which not only the background plasma,
but also the accelerated particles (essentially protons) are de-
scribed by fluid equations. Although open to criticism because
of its crude parameterization of the injection process ( Zank,
Webb, & Donohue 1992) and its circumvention of the closure
problem (Jones & Kang 1992; Volk et al. 1991) this method
provides a relatively easy way of estimating whether or not the
blast wave of SNR 1987A is capable of producing the observed
steep spectrum synchrotron emission via diffusive acceleration
of electrons.

In the free expansion phase, the material ejected in the su-
pernova explosion expands at roughly constant velocity. To
model this, we consider a spherically symmetric “piston”
moving radially at constant speed into a medium containing
an ideal gas of specific heat ratio 5/3, and a gas of energetic
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particles ( protons) with specific heat ratio 4/ 3 and an effective
spatial diffusion coeflicient k. Assuming velocity gradients in
the shocked gas remain small, the piston motion is imple-
mented by requiring that the plasma speed immediately down-
stream of the gas subshock is constant. Starting a few days after
explosion, we allow a small amount of energy to be injected
into the protons by the shock front, in the same way as de-
scribed by Duffy (1992). We then solve numerically the cou-
pled fluid equations to find the structure of the precursor built
up by the protons as they are accelerated by the shock front.
Two effects are important. First, the pressure gradient of cos-
mic rays acts on the upstream plasma and accelerates it ra-
dially outward before it encounters the subshock, reducing the
speed with which plasma flows into the subshock. Second, the
Alfvén waves which are responsible for scattering the energetic
particles do work on the plasma and, therefore, heat it. To
model this effect, which reduces the Mach number of the sub-
shock, we use the equations given by McKenzie & Volk (1982)
(see also Volk, Drury, & McKenzie 1984) and assume the
energy put into Alfvén wave turbulence by the cosmic-ray
streaming instability is immediately and locally abscrbed by
the background plasma. The entropy production rate in the
background plasma is then simply proportional to the Alfvén
speed and the cosmic-ray pressure gradient:

ds dp,
TE = Ua dr ’

(3)

where T is the plasma temperature and S the entropy density.
The results of a typical run are shown in Figures 4 and 5. We
choose a proton injection rate such that five particles in 1000
incident on the subshock is injected with twice the thermal
energy of the downstream plasma—a value similar to those
used by Drury, Markiewicz, & Volk (1989). The velocity of
postshock plasma was fixed to 2.25 X 10" ms ™' in order to give
an initial shock speed of 30,000 km s™', the density, tempera-
ture and magnetic field of the upstream plasma were taken
according to the estimates of Kirk & Wassmann (1992) and
the average proton diffusion coeflicient, x, was assumed tobe a
fraction () of the Bohm value appropriate to protons of mo-
mentum p,,.... The time dependence of the subshock compres-
sion ratio (p), the temperatures (in Kelvins) immediately up-
stream and downstream of the subshock, the small parameter
k/(Rw,) (where R, is the radius of the subshock and v, is the
speed of the subshock in the rest frame of the progenitor), and
the maximum momentum p,,,, are displayed in the four plots
of Figure 4. Here the abscissa is time since explosion (in
years).

Figure 5 shows the radial dependence of velocity (inms™"),
density (in kg m ™), and gas and cosmic-ray pressures (in P) as
they appear 4 years after explosion. According to Ball & Kirk
(1992) the electrons responsible for the radio emission have a
diffusion coefficient x =~ 2 X 102 m?s™'. The distance which
they can penetrate into the precursor from the shock front can
be estimated as «/v, = 10'> m, and is, therefore, very small
compared to the size of the precursor, which is of the order of
10'> m. Consequently, if these electrons are accelerated in a
blast wave similar to that of Figure 5, their spectrum will reflect
the compression ratio across the subshock, not across the en-
tire structure. Figure 4 shows that this quantity (p) drops to a
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Fi1G. 4.—The time dependence of (a) the subshock compression ratio,
(b) the pre- and postshock temperatures (in Kelvins), ( ¢) the small param-
eter k /( R,v,), and (d) the logarithm of the maximum proton momentum
(in units of the rest mass times the speed of light).

value compatible with the observed synchrotron spectrum
after ~3 years. It is interesting to note that Ellison & Reynolds
(1991) have used an argument similar to this to explain the
steep spectra observed in older supernova remnants. Their
treatment, however, relies on the blast wave structure being
stationary, whereas our calculations follow the evolution in the
early free expansion phase.

4. DISCUSSION

One of the main problems confronting the hypothesis that
diffusive acceleration of electrons is responsible for the radio
emission of SNR 1987A is the steepness of the observed spec-
trum. We have presented preliminary calculations which indi-
cate that the steepening could be a result of the back-reaction
of cosmic rays (other than electrons) which have also been
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FiG. 5.—The space dependence of (a) the velocity, (b) density, (c) gas
pressure, and (d) cosmic-ray pressure in the precursor to the shock, after 4
years.

accelerated by the shock. In fact, when we keep the parameter
used to control injection constant in time, our computations
show the gas subshock weakens and the system becomes domi-
nated by the pressure of energetic protons after only 5 years.
This result is potentially important not only for theories of the
radio emission from SNR 1987A, but also for theories of the
origin of cosmic rays. It raises the possibility that the early
evolution of a supernova remnant could depend sensitively on
the level of injection of protons. However, our results are pre-
liminary and it would be desirable to perform calculations with
better spatial resolution of the precursor. Clearly, further work
is required on the time-dependent acceleration of both the pro-
ton and electron components of the energetic particle popula-
tion, as well as on the problem of injection.
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