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Abstract: A nonlinear kinetic theory of cosmic ray (CR) acceleratinisupernova remnants is employed
to investigate the properties of the remnant SN 1987A. Ihas that a large downstream magnetic field
Ba ~ 10 mG is required to fit the existing observational data. Sudinaang field together with the strong
shock modification due to CR backreaction provides the st@ejpconcave radioemission spectrum and
considerable synchrotron cooling of high energy electrwhgh diminish their X-ray synchrotron flux
below the observed Chandra flux which has to be considered aper limit for nonthermal X-ray
emission. The expectegray energy flux at TeV-energies at the current epoch¥s10~'3 erg/(cnts).

Introduction BSG wind and reached after about a dayl 000
the termination shock in BSG wind, situated at t
Supernova (SN) 1987A occurred in the Large radial distance?; = 3.1 x 10'7 cm [5]. After that
Magellanic Cloud. It has been extensively studied the SN shock propagates in the thermalized B
in all wavelengths from radio tg-ray (for review  wind of densityps. Considerable rapid decrea:
see, e.g.[1]). of the SN shock speed occurred during the di

To describe the observed properties of nonthermal 1200 — 2500 [6] showed that SN shock entere
emission of SN 1987A we use here a nonlinear ki- the H Il region of density s > pp. Therefore we
netic theory [2, 3]. The application of this theory model t_he CSM density distribution at distanc
to individual SNRs (see [4] for a review) has pro- "~ Ry inthe form

vided the explanation of the observed SNR prop- pPB+ PR PB— PR r— Ro

. . L . po= — tanh , (@)
erties under the assumption of strong interior mag 2 2 lo
netic field.

whereR¢- = 6.1 x 1017 cm is the contact discon
tinuity between two winds|c = 0.05R¢ is the
Model and Results scale of the smooth transition between them.

The analysis of the rapidly increasing X-ray em
We use canonical values of stellar ejecta mass sjon provides the evidence that H Il region in tu
M.; = 10Mg, distanced = 50 kpc, hydrody- is not uniform: at day~ 6200 the SN shock be-
namic explosion energl.,,, = 1.5 x 10° erg,e.g.  gins to interact with the dense inner ring. Its rad
[1]. During an initial period the shell material hasa behavior can be represented in the form
broad distribution in velocity. The fastest part of
this ejecta distribution can be described by a power ;. = PR1t PR2  PR1 — PR2 tanh " RR’
law dM.;/dv o< v2~*. We use a valug = 8.6 ap- 2 2 IR

; 2
propriate for SN 1987A 1] whereRy = 6.8 x 1017 cm, g = 0.08Rx pR2(¢:3

Strongly nonuniform_ circumstellar med_ium 20pr1. Such a gas radial profile is close to wh
(CSM) is a result of interaction of progenitors \yas extracted from the above analysis [7]. \

winds: dense slow RSG wind and subsequent fast 3qopt here for the gas number density = p/m,
and diluted BSG wind. During initial period after {ne following vaIues:Nf — 0.29 cm 3, NQF“ _

the explosion the SN shock propagated in the free 9g) -3 and Nfz — 4000 cm—3

. Herem,, is
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the mass of proton. The valug/*" = 280 cm~*
which is by a factor of 1.5 lower than was used
in our previous study [5], provides a good compro-
mise between the SN shock dynamics seen in radio
and in X-ray emissions (see below).

A rather high downstream magnetic field strength
By ~ 1 mG is needed to reproduce the observed
steep radio spectrum [5]. We believe that the re-
quired strength of the magnetic field have to be
attributed to nonlinear field amplification at the
SN shock by CR acceleration itself. According
to plasma physical considerations [8, 9], the ex-
isting CSM magnetic field can indeed be signifi-
cantly amplified at a strong shock by CR stream-
ing instabilities. In fact, for all the thoroughly
studied young SNRs, the ratio of magnetic field
energy densityB2 /8 in the upstream region of
the shock precursor to the CR pressitds about
the same [10]. Here3, Bg/o is the far up-
stream field presumably amplified by CRs of high-
est energyg is the total shock compression ra-
tio. Within an error of about 50 percent we have
B2/(87P.) ~ 5 x 10~3. CR pressure in young
SNRs has a typical valuB. ~ 0.5p,V2, therefore
we adopt here upstream magnetic field

By = /27 X 1073p0V§2. (3)

Since the process of magnetic field amplification
is not included in our theory we simply postu-
late the existence of far upstream fielth given

by Eq.(3). We start our consideration from the
SNR evolutionary epocth = 1000 d, when the
outer SN shock has a radids = Rp and speed
V; = 28000 km/s. These values ak, andV; ac-
cording to our calculations [5] correspond to the
end of SN shock propagation in the free BSG wind
regionr < Rp. We neglect the contribution of
CRs accelerated in the region< Ryp, because
due to a high gas density the number of CRs pro-
duced in the regiom > Ry very soon becomes
dominant.

Calculated shock radiuB,; and speed/; shown
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Figure 1: (a) Shock radiuRs, shock speed;, gas
density N, and upstream magnetic fielg, at the
current shock position; (b) total shock)(and sub-
shock @s) compression ratios as functions of tim
The dotted vertical linemarks the current epoct
The observed radius of the SN shock, as de
mined by radio [11] and X-ray measurements [
are shown by circles and stars respectively. 1
scaling values ar®; = Ry = 3.1 x 10'7 cm and
V; = 28000 km/s.

leads to a significant nonlinear modification of t|
shock: as it is seen in Fig.1b total shock compr
sion ratioo = 5.1 is essentially larger and a sul
shock compression ratio; =~ 2.8 is lower than
classical value 4.

Strongly modified SN shock generates CR sp
trum N « p~7, which is very steep at moment

in Fig.1a as a function of time are in satisfactory |, < 1, ¢, with indexy = (o,+2)/(0s—1) ~ 2.7.

agreement with the values obtained on the basis of
radio and X-ray measurements.

To fit the spectral shape of the observed radio emis-
sion we assume a proton injection rate= 3 x
10~3, which is a fraction of gas particles involved
into the acceleration at the from of SN shock. This
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CR electrons with such a spectrum produces s
chrotron radioemission spectruffy o« v~ with
spectral indexa = (v — 1)/2 ~ 0.9, that very

well corresponds to the experiment, as it is seel

Fig.2, where we present synchrotron energy sp
travS,, calculated for five subsequent epoch !
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Figure 2: Synchrotron energy spectrum of Figure 3: Same as in Fig.2, but the calculatic
SN 1987A, calculated for the five evolutionary are for the case of constant upstream magnetic f
epochs. ThéTCAradio [11, 12] and Chandra X- By = 200 uG.

ray [7] data for three epochs are shown as well.

Higher measured fluxes correspond to later epoch.
well known, e.g. [13], the observed X-ray flux hi

to be considered as the upper limit for the expec
gether with the experimental data. Note that CR nonthermal emission. At early epo¢h< 2500 d
spectrum has a concave shape: it becomes flatter ahowever the calculated flux exceeds the meast
higher momenta. As a consequence synchrotron one (see the curve, corresponding= 1970 d in
spectrumS,, (v) is also concave as itis clearly seen Fig.2). This can be considered as indication, t

in Fig.2 atv < 10'2 Hz. Radio data reveal this

the actual magnetic fieldB, is few times larger

property in good consistency with theoretical pre- then given by the Eq.(3).

diction.

Strong downstream magnetic fiels); ~ 15 mG,
that corresponds to the upstream fiélg ~ 3 mG

(see Fig.1), provides synchrotron cooling of elec-

trons with momentap > 10m,c that in turn

To illustrate the situation expected at consid
ably lower magnetic field we present in Fig.3 sy
chrotron energy spectra calculated at the se
set of parameters as before except magnetic fi
which was takenB, = 200 G independent of

makes synchrotron spectrum at high frequencies time. Since the interior magnetic fielg; ~ 2 mG

v > 10'2 Hz very steep (see Fig.2). Concave (o =~

10) is essentially lower in this case, sy!

shape of electrons continuously produced at the chrotron losses of high energy CR electrons -

shock front together with their synchrotron cool-
ing lead to a formation of two peaks in syn-
chrotron energy spectrumsS,.. The first one at

v =~ 10'2 Hz corresponds to CR electron momen-

tump ~ 10m,c above which synchrotron energy

considerably smaller compared with the previc
case. Due to this fact synchrotron spectra con:
erably exceeds at any given epoch the meast
Chandra flux. Therefore we can conclude, that
actual interior magnetic field strength is not low

looses are relevant, whereas the second peak athan5 mG.

v a~ 10'® Hz corresponds to the maximum mo-
mentunp ~ 10%m,c of accelerated electrons. Un-

der this condition calculated synchrotron flux at

frequencyr ~ 10'7 Hz, which corresponds to the
photon energy, = 0.5 keV, is below the mea-
sured flux at the epochss > 3000 d. Since the

Completely different possibility to have the sy
chrotron flux, which fit the radio data and goes t
low Chandra data, is low field scenario, when t
magnetic field is as low aBy < 2 uG. In such a
case the cutoff frequency of synchrotron spectr
Umaa 1S lower than10'” Hz and calculated fluxe:

contribution of the nonthermal radiation in the ob-
served X-ray emission of SN 1987A is not very

go down exponentially at > v,,,, below Chan-
dra points. However the valuB, < 2 uG is un-
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hadronic origin and for a strong magnetic field ai
v CANGAROO plification inside SN 1987A.
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