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Abstract: A nonlinear kinetic theory of cosmic ray (CR) acceleration in supernova remnants (SNRs) is employed to
re-examine the nonthermal properties of the remnant of SN 1987A for an extended evolutionary period of 5-100 yr. It
is shown that efficient production of nuclear CRs leads to a strong modification of the outer SNR shock and to a large
downstream magnetic field B4 ~ 20 mG. The shock modification and the strong field are required to yield the steep
and concave radio emission spectrum observed, as well as to considerable synchrotron cooling of high energy electrons
which diminishes their X-ray synchrotron flux. These features are also consistent with the existing X-ray observations.
The expected gamma-ray energy flux at TeV-energies at the current epoch is nearly e F, ~ 4 x 10™*® erg cm?s ™" under
reasonable assumptions about the overall magnetic field topology and the turbulent perturbations of this field. The general
nonthermal strength of the source is expected to increase roughly by a factor of two over the next 15 to 20 yrs, before the
source will go into a steady emission decrease as the supernova remnant (SNR) shock leaves the immediate circumstellar
environment and propagates secularly into the progenitor star’s unperturbed Red Supergiant (RSG) wind region.
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1 Introduction

The Supernova (SN) which occurred in 1987 in the nearby
Large Magellanic Cloud was the first object of its kind in
modern times whose evolution could be spatially resolved
as a function of time; this includes the characterization of
the rather massive progenitor star. SN 1987A has been ex-
tensively studied in all wavelengths from the radio to the
gamma-ray range. For a summary of its global character-
istics, see e.g. [1]. The present work concentrates on the
nonthermal characteristics and, in particular, on the particle
acceleration aspects and the expected gamma-ray emission
(for a detailed account, see [2]). It extends two earlier stud-
ies [3,4] to include the subsequent Chandra observations of
the soft and hard X-ray emission [5], as well as the most re-
cent and very detailed observations of the radio continuum
(synchrotron) emission [6]. At the same time a qualitative
and in fact semi-quantitative prediction of the future non-
thermal emission from this source for the next decades is
attempted.

The radio synchrotron emission is important for the de-
termination of the total nonthermal energy density in the
source. The softness of the observed spectrum shows that
the radio electrons are accelerated in a rather weak shock.
This is the plasma subshock formed when the accelerated
nuclei modify the SNR blast wave by their pressure gradi-
ent, so that the main gas compression occurs in an extended

CR precursor that does not accelerate radio electrons. This
nonlinear modification is used to determine the injection
rate of the accelerating nuclear particles and vize versa in a
semi-empirical way. It therefore allows a prediction of the
hadronic gamma-ray emission strength, given also the gas
dynamic parameters of the system, like gas density, shock
radius and shock velocity (see figure 1). The new Chan-
dra data in addition suggest that the hard X-ray emission
is predominantly nonthermal. Since at the corresponding
electron energies synchrotron losses are of overriding im-
portance for the shaping of the X-ray synchrotron spec-
trum, these new observations also determine the effective
magnetic field strength in the source (for a review, see [7]).

The observed shape of the remnant, especially at radio fre-
quencies, is not very far from spherically symmetric, even
though the observed emission varies around the remnant’s
periphery [8]. This suggests that a spherically symmetric
model is a reasonable first order approximation for a study
of the general nonthermal properties of the remnant.

2 Theoretical model

Assuming that the progenitor star has gone through three
successive wind phases, the innermost region contains the
tenuous free wind of the blue supergiant (BSG) progeni-
tor star. This wind terminates in a shock. The subsequent
wind bubble sweeps up the slow wind material of the previ-

Vol. 8, 6



BEREZHKO ef al. EXPECTED GAMMA-RAYS FROM SN 1987A

ous red supergiant (RSG) precursor phase into a very much
denser H II region [9], photoionized by the central progen-
itor star, followed by a neutral, dense, ring-like structure
that has its highest density near the equator. This is called
the equatorial ring. The ring is nevertheless approximated
here by a spherically symmetric shell at a radial distance
Rr = 7 x 107 cm. Beyond is freely coasting RSG wind
and, even further out, the initial main sequence wind region
that is of no concern here. At the present time the SNR
shock has already entered the equatorial ring. The shell
parameters chosen are consistent with canonical values of
stellar ejecta mass Me; = 10Mg, distance d = 50 kpe,
and hydrodynamic explosion energy E,, = 1.5 x 10°! erg
[1,2].

Regarding the associated particle acceleration, only the for-
ward SNR shock is considered. Its present high velocity Vj
in excess of ~ 5000 km s~! suggests Bohm diffusion as
the most reasonable approximation for the particle scatter-
ing characteristics. The effective magnetic field strength is
taken to equal B = (p/py) x By, where pg and p denote
the upstream and the local gas mass density, respectively.

BO = /27 X 10_2p0V52

is an empirical measure of the magnetic field strength far
upstream in the shock precursor, assumed to be amplified
by the accelerating nuclear particles. This value of By is
about the same for all the thoroughly studied young SNRs
up to now [10]. For the following it is assumed that this
proportionality of the magnetic pressure B2/(87) to the
shock ram pressure poV;(t)? also holds for an individual
source like SN 1987A during its early temporal evolution,
where the shock velocity V;(¢) is a function of the source
age. It turns out that the resulting contemporary down-
stream magnetic field strength Bq ~ 20 mG is indeed re-
quired to reproduce the observed radio and X-ray spectra.

3 Results

The gas dynamic equations and the transport equations for
the accelerated nuclei and electrons are nonlinearly cou-
pled by the CR backreaction on the gas as well as by gas
heating through wave dissipation [2].

The gas dynamic quantitites plus By are shown in figure 1.

The simultaneous solution of the energetic particle trans-
port gives also the radio spectral index of the electron syn-
chrotron radiation. Comparing the spatially integrated the-
oretical spectrum with the spatially integrated radio obser-
vations, that show an index of =~ 0.9, determines the degree
of nonlinear shock modification and thus the injection rate
7 of the nuclear particles as well as the electron:proton ra-
tio Kp(¢). This is shown in figure 2. It turns out that the
required high proton injection rate 1 ~ 1072 leads to a sig-
nificant nonlinear modification of the shock: the total shock
compression ratio o = 5.4 — 6 is essentially larger, and the
subshock compression ratio o3 ~ 2.8 — 3.6 is lower than
the classical value of 4 for a pure gas shock.
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Figure 1: Shock radius Ry (solid), shock speed V; (solid),
gas density N (dash-dotted) and upstream magnetic field
strength By (dashed) at the current shock position, calcu-
lated as a function of time since SN explosion for Ry =
7 x 10'7 cm. The dotted vertical line marks the current
epoch. The observed radius and the speed of the SN shock,
as determined by radio observations [12], are shown as
well. The scaling values are R; = 3.1 X 107 ¢m and
Vi = 28000 km s+
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Figure 2: Shock compression ratio o (solid), subshock
compression ratio o (solid), proton injection rate 7
(dashed), and electron-to-proton ratio K., (dash-dotted) as
functions of time. The dotted vertical line again marks the
current epoch. The thick and the thin lines here and in
the subsequent figures correspond to an increasing and to
a constant proton injection rate after an age of ~ 23 yrs,
respectively

Figure 2 also indicates that the proton injection rate 7
changes during the SNR evolution, so that it has a mini-
mum at an age of about 20 yr. This is required in order to fit
the observed radio emission spectra [6] which are becom-
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Figure 3: Spectral index of the spatially integrated radio
synchrotron emission of SN 1987A as a function of time,
together with the ATCA data [6]. The thick line corre-
sponds to a recovery of the injection rate 7 to the value
before the age of about 10 yr. Thin line: continued depres-
sion of 7 for ages > 23 yr

ing somewhat harder with time than a spectrum calculated
with an unchanged injection rate - at least up to the present
time (see figure 3). During the period from ¢ =~ 13 yr to
t ~ 30 yr, i.e. beyond the present epoch of radio observa-
tions, the shock is within the dense shell that corresponds
to the observed equatorial ring. In this spatial region the
magnetic field is expected to have an enhanced tangential
component which should depress the nuclear injection rate
[11].

Thereafter the injection rate is a priori unknown. It may
increase again to the same level n(t) ~ 1073, This is one
of the possibilities indicated in figure 2 and is calculated
below. However, since the magnetic field vector in the free
RSG wind is dominated by a component tangential to the
SNR shock, also the possibility of a continuing depressed
injection at a level similar to the value 7(t) ~ 4 x 1074
within the ring region is considered. The higher injection
rate on the other hand yields, for ¢ > 23 yr, a correspond-
ingly larger shock modification, characterized by a larger
shock compression ratio o and a lower subshock compres-
sion ratio oy (figure 2).

The strong downstream magnetic field By ~ 20 mG
leads to synchrotron cooling of the electrons with momenta
p > 10mpc. This makes the high energy part of the the-
oretically calculated form of the synchrotron spectrum (
v > 103 Hz) very soft (see figure 4). At higher fre-
quencies ( ¥ = 10'® — 10'® Hz) the synchrotron spec-
trum becomes harder, possibly due to a pile-up effect. It
hardens the spectrum of accelerated electrons, that undergo
strong synchrotron losses, just near its exponential cutoff
[13]. Under this condition the calculated synchrotron flux
at frequency v ~ 10'7 Hz, which corresponds to a photon
energy €4 = 0.5 keV, is below the measured flux. This is
a required condition because at energies e, = 0.5 — 2 keV
the X-ray emission of SN 1987A is dominated by lines and
is therefore mainly of thermal origin. At higher energies
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Figure 4: Spatially integrated synchrotron spectral energy
density of SN 1987A, calculated for the five evolution-
ary epochs (solid curves). The ATCA radio data for three
epochs [6] are shown as well, together with Chandra X-ray
[5] data for two epochs (both, in the soft energy range at
v = 10'7 Hz and, connected by dotted lines, in the hard
energy range at v = 6 x 107 Hz). The thin curves cor-
respond to a continuing depression of the nuclear injection
rate ) after 23 yr

€y > 3 keV the X-rays are presumably of a predominant
nonthermal origin. Therefore the fit of the measured X-ray
flux for €, = 3 keV was used in the determination of the
values of the ‘injection parameters (1(t) and Kep(t)) and
of the amplified magnetic field By(t) at the beginning of
the shock precursor.

The soft (thermal) X-ray flux has, in fact, significantly flat-
tened for the last ~ 1.5 yr (since day ~ 8000) [14]. This is
roughly in agreement with the density distribution of figure
1, according to which the gas density IV, encountered by
the shock is going through a maximum during the present
period. The same should be true for the effective magnetic
field strength By. The corresponding long-term prediction
for the spatially integrated radio synchrotron flux is shown
in figure 5. Presently the predicted light curve goes through
a flat maximum, to secularly fall off with time thereafter in
the RSG wind region.

The calculated spatially integrated gamma-ray spectral en-
ergy flux density (SED), shown in figure 6, is dominated by
the 7¥-decay component at all energies.

It is important to note here that the hadronic SED has nev-
ertheless been renormalized by a factor f,c = 0.2 com-
pared to the amplitude resulting from the spherically sym-
metric model on which the entire calculation is predicated
[11,2]. The reason for this a posteriori correction is the
fact that the circumstellar environment is characterized by
a Archimedean spiral topology, both in the BSG as well as
in the RSG wind bubble environment. The corresponding
uncertainty in the amplitude of the gamma-ray energy flux
remains.
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Figure 5: Calculated radio light curve for SN 1987A. The
spatially integrated radio synchrotron data points are from
the ATCA telescope at 1.4 GHZ [6]
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Figure 6: Spatially integrated gamma-ray energy flux from
SN 1987A, calculated for four epochs (in thin curves for
the future epochs also for a continuing small injection n
rate, equal to the present one) The CANGAROO (arrows)
[15] and the latest H.E.S.S. (triangles) [16] upper limits are
shown as well

Since the SN shock is strongly modified, the gamma-ray
spectrum at energies e, > 0.1 TeV is very hard: F,
€ 0-8 At the current epoch the expected gamma-ray energy
flux at TeV-energies is about e, F, ~ 4 x 10713 erg cm 2
s~!, and during the next 20 years it is expected to grow by
a factor of about two with a subsequent temporal decrease
F, o< R due to the rapid spatial decrease of the CSM
density py, (Rs) o< R72.

At present there exist only upper limits for the TeV emis-
sion. They have been obtained by the CANGAROO
[15] and H.E.S.S. [16] instruments (figure 6). The latest
H.E.S.S. upper limit is quite close to the SED estimated

above. Even with the reservations formulated above, this is
remarkable and justifies in the view of the present authors
a deep observation of this object.
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