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Abstract. The kinetic nonlinear model of cosmic ray (CR) observed detail (e.g. Atoyan et al., 2000).
acceleration in supernova remnants (SNRs) is used to de-

scribe the relevant properties of the Cas A remnant. We use

the model of a locally smooth circumstellar medium devel- 2 Model

oped by Borkowski et al. (1996) which consists of a tenuous, 0 describe the circumstellar medium we use the model of
inner bubble, a dense shell of swept-up slow red super 'an£ X s ) .
: " WEpL-Up siow uperg orkowski et al. (1996) which is consistent with the ob-

wind material, and a subsequent red supergiant wind region; . .

in order to reproduce the SNR’s observed size, expansion rat%ew?d dy”a'_"”'cs of Cas A and its thermal X-ray flux. 'A.‘C'
and thermal X-ray emission. The values of other physical pa_cordlng to this model, part of the slow red supergiant wind
rameters which influence the CR acceleration are taken to fi
the observed synchrotron emission of Cas A in the radio an
X-ray range. The calculated integrakay flux from Cas Ais
dominated byr°-decay~-rays produced by relativistic pro-
tons. It extends up to almost 100 TeV and at TeV-energie
considerably exceeds the valées x 1072 cm~2s~! de- _ :
tected by the HEGRA collaboration (Aharonian et al., 2001). main sequence evolutpn play no role here. .
Possible explanations of this discrepancy are proposed which We descrlpe the profile of gas number denafty= p/m
correspond either to leakage of the highest energy CRs front! the analytic form

the remnant already at the current stage, to a lower gas den- Nyah - N Ny — Noap, r— Ry

sity, or to an unusually high electron to proton ratio for the Vg = 2 5 tanh ( > )
accelerated CRs.

f the supernova (SN) progenitor was swept up into a dense
hell by a fast stellar wind during the final blue supergiant
possibly Wolf-Rayet) phase of the progenitor star. There-
fore the inner circumstellar medium consists of three zones:
& tenuous wind-blown bubble, a dense shell, and a freely ex-
panding red supergiant wind. The outer regions due to the

where

Nb"'Nsh Nsh,_Nb (T_R1>
Nps, = + tanh )
1 Introduction st 2 2 l

Cassiopeia A is a shell type supernova remnant (SNR), an&lnd
a bright source of synchrotron radiation observed from they  — N, (R, /r)?
radio (e.g. Baars etal., 1977) to the X-ray (Allen et al., 1997)
band. The detection of a weak signal in Teays has been is the gas number density of the free red giant wind (region
recently reported by the HEGRA collaboration (Aharonian 7 > R»), N, and N, correspond to the bubble (region<
etal., 2001). R;) and shell (regiomR; < r < R5) respectively,p is the

We apply here the nonlinear kinetic model for CR accel- 9as density is the proton mass. This formula provides a
eration in SNRs (Berezhko et al., 1996; Berezhko aibtky ~ smooth transition between above the three zones on the scale
2000) in order to discuss the observed features of Cas A [ Which is taken so small, < R, that its concrete value
presumably produced by shock accelerated CRs, even thoud#pes not influence the final results.

such a spherically symmetric model can not reproduce all the We use the same type of formula for the magnetic field
profile By(r) with By, By, and
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for the bubble, shell and wind regions respectively. The choice ofK,, allows the determination of the elec-
A supernova (SN) explosion ejects an expanding shell oftron distribution function and the calculation of the associ-

matter with energyF,,, and massM.;. During an initial ated emission.

period the ejecta have a wide distribution in radial velocity

v. The fastest part of these ejecta is described by a power

law dM.;/dv < v*~* (Jones et al., 1981). The interac- 3 Results

tion of the expanding shell with the circumstellar/interstellar

medium (ISM) creates a strong shock which will accelerateVVe shall use the SN parameters, calculated by Borkowski et
particles. al. (1996): explosion energ¥,, = 10°! erg, ejecta mass

The acceleration model consists in a selfconsistent solu#ej = 3Mo, andk = 6. _ _ _
tion of the CR transport equation together with the gas dy- The results of our ca_lculf_;mons together with the experi-
namic equations in spherical symmetry (Berezhko et al., 199éR€ntal data are shown in Fig.1. In Fig.1a we also show the
Berezhko and ¥%lk, 1997), in an extension of this model to Profiles of the gas number density, and magnetic fields,.
the case of a nonuniform circumstellar medium (Berezhko AS itis seen from Fig.1a the shock speed drops during the
and oIk, 2000). initial 60 years by more than a factor of ten, and then remains

The number of suprathermal protons injected into the ac-2lmost constant up to the current epoch.
celeration process is described by a dimensionless injection According to Fig.1b the shock is essentially modified by
parameter) which is a fixed fraction of the ISM particles en- the CR backreaction: the total shock compression atio
tering the shock front. For simplicity it is assumed that the in- 6 exceeds the classical value 4, whereas the subshock com-
jected particles have a velocity that is four times higher thanPression ratio is considerably smalleg, ~ 2.7.
the postshock sound speed, even though this is not a fully The overall momentum spectrum of accelerated protons
selfconsistent injection theory (Malkov and Drury, 2001).  (Fig.1c) turns over ap = 10%mc and extends almost up to

The CR diffusion coefficient is taken at the Bohm limit ~ Pmaz = 10%mc due to the extremely high magnetic field
strength. Synchrotron losses restrict the spectrum of elec-

t(p) = K(mc)(p/mc), trons to maximum momeni, ., below10%mc. Subsequent
synchrotron cooling of the accelerated electrons in the down-
stream region steepens the high energy part of their spectrum:
atp > p; = 100mc N, o p~3 instead ofN « p~2 for pro-
tons.

According to Fig.1d about 20% of the explosion energy
has been transformed into CRs at the current stage.

The electron to proton ratié’., = 0.01 gives a perhaps
Dy 108 yr 10 G 2 acceptable agreement of the calculated synchrotron emission
me ( t > < By ) ’ with the observations in the radio and X-ray regions (Fig.1e).

A magnetic field strengtlB,;, = 200uG is taken to re-
produce the observed radio and X-ray synchrotron fluxes.
Since we assume that the postshock fiBlgd = 0B, the

wherer(me) = mc?/(3eB), e is the proton charges is the
particle momentump is the magnetic field strength, and
is the speed of light.

Accelerated electrons have a distribution functfotp) =
K, f(p) for sufficiently low momentgp < p; where syn-
chrotron losses are not important. In fact

mc -
where B, is the mean downstream magnetic field. In our
caseB, ~ oBs, whereB, = By(r = Ry) is the ambient

field strength at the shock radit& (¢), ¢ isthe SNR age, and . ctream magnetic field, ~ B, ~ 1.2 mG in the shell

ois the ‘?’hOCk compression ratio. Thﬁg{p) _ci|ﬁ§rs only b_y (Fig.1a) is roughly consistent with previous estimates (e.qg.
a numerical facto¥.,, from the proton distribution function Atoyan et al., 2000)

f(p). At higher momenta > p; the electron spectrum is
softened tof. o< p—° due to synchrotron losses. These losses
also determine the electron cutoff momentum

Our results show that even at the current epoch (when the
SN shock propagates through the free RSG wind) the ob-
served synchrotron emission is still determined by the elec-
V. 10(c — 1) (10 uG trons accelerated during the shock propagation through the
(km/s) 2 ( o B, )> shell. Therefore the magnetic fielg} () in the wind zone is

‘ not a very relevant parameter for the fit to the observations.
if B is sufficiently high so thap¢, .. is lower than the pro- Fig.1f represents the expected integyalay flux due to
ton maximum momentum,,,.,. Which is assumed to be de- three different processes. The IC and Bremsstrahlung fluxes
termined by geometrical factors (Berezhko, 1996); Hére are comparable and at TeV energies have the value-
is the shock speed. We include the synchrotron loss term if0~'* cm ?s™! whereas ther’-decay fluxF, o« €' ex-
the transport equation for the electron distribution functiontends up to 10 TeV and at, = 1 TeV has a value x
fe(r,p,t). The factork,, is determined by the ratio of the 10~*'cm~2s~! which is two orders of magnitude higher than
electron and proton injection rates. Normally one would ex-observed (Aharonian et al., 2001).
pect that electrons are injected less effectively than protons This is a straightforward realization of the expected dy-
due to their much smaller mean free path. In the case whemamical situation, consistent with the thermal X-ray emis-
electrons are injected at the same rate as protons, we hawon. We shall discuss possible modifications of the model
K., ~ 1072 (Bell, 1978). parameters in the sequel.
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Fig. 1. Shock Rs) and piston R))
radii, shock {/5) and piston ¥,) veloc-
ities (a); total shockd) and subshock
(os) compression ratios (b); ejecta
(Fej), CR (E.), gas thermal £,.) and
gas kinetic ) energies (d) as a func-
tion of time. Overall momentum spec-
trum of accelerated protons and elec-
trons (c); synchrotron emission flux as
a function of frequency (e); integral flux
of n°-decay (p-p), Bremsstrahlung (Br)
and inverse Compton (IC)-rays as a
function of y-ray energy (f) for three
different evolutionary phases (dashed
lines correspond to the current stage) of
Cas A evolution. Vertical dotted lines
correspond to the current evolutionary
stage. The calculations were performed
for explosion energye;, = 10°* erg,
ejecta massM.; = 3My, distance

d = 3.4 kpc, proton injection rate =
10™*, electron to proton ratid<., =
0.01, and the circumstellar gas num-
ber densityN, (R.) and magnetic field
Bo(Rs) profiles are shown in Fig.la.
Scale values ard?; = 1 pc, V; =
30000 km/s, to = 31.7 years. The
radio-emission above 100 MHz (Baars
et al., 1977), and X-ray (Allen et al.,
1997) spectra (e), size (Reed et al.,
1995) and speed (Andersen and Rud-
nick, 1995) of the shock (a) are pre-
sented.

rate at the same injection energy would exceed the proton
injection rate by more than order of magnitude.

The characteristics of Cas A as a SNR with a drastic modifi-
cation of the circumstellar medium by the progenitor star are This may be a solution, given the fact that theerage
sufficiently complex that several rather strong modificationsmagnetic field direction in the wind should be more or less
of the acceleration model can be considered. The discusazimuthal, whereas the SNR shock normal is essentially ra-
sion is at this stage more qualitative than quantitative and haslial, resulting in a quasi-perpendicular shock into which elec-
therefore a preliminary character. trons may be injected quite efficiently, whereas proton injec-
The simplest resolution of the discrepancy would be thetion should be strongly depressed (see Malkov and Drury,
suggestion that the actual CR production due to some rea2001, for a recent review). On the other hand, the large field
sons is much lower than reproduced by the theory. We notestrength in the shell is likely due to turbulent amplification of
however that this can concern only protons because the totdhe RSG wind field by the shell formation in the final W-R
number of accelerated electrons fits the observations. Thergzhase, and also to the subsequent Rayleigh-Taylor instability
fore, to decrease the’-decayy-ray production by a factor at the ejecta interface with swept-up material. Then there are
of 100 one needs to specifically decrease the proton injectiomany field lines that are locally radial, allowing efficient pro-
rate more than a 100 times. In this case the electron injectiotion injection onto them. Still, acceleration of electrons and
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protons to high energies would likely be either suppressed2-16325) and by the Russian Federal Program "Astronomiya” (grant
beyond rather low, even nonrelativistic proton energieslkv  1.2.3.6).

and Forman, 1983), or be reduced to a soft spectrum with

very low fluxes in the TeV range (Kirk et al., 1996). The
problem then is that this would equally lower the electron

fluxes. o . . Aharonian, F.A., Akhperjanian, A., Barrio, J., et al., Evidence for
Another possibility to resolve the above discrepancy isthe Ty gamma ray emission from Cassiopeia A, A&A, 370, 112-

choice of a lower circumstellar gas density compared with 120, 2001.

the case considered. In order to study this possibility weAllen, G.E., Keohane, J.W., Gotthelf, E.V. et al., Evidence of X-ray

have performed the calculation with a gas number density Emission from Electrons Accelerated to 40 TeV in the Supernova

that is seven times lower. To reproduce the observed size and Remnant Cassiopeia A, ApJ, 487, L97-L100, 1997.

expansion rate of the remnant we have used a value of th&toyan, A.M., Tuffs, R.J., Aharonian, F.A.,dk, H.J., On energy -

explosion energy,,, = 3 x 10°° erg. d_ependent p_ropagat_ion e_ffects and acceleration sites of relativis-
The calculated-ray fluxes are considerably lower than in i €lectrons in Cassiopeia A, A&A, 354, 915 - 930, 2000.

the previous case, anl,, = 0.07. The expected TeV- Andersen, M.C. and Rudnick, L., The deceleration powering of syn-

. hrot ission f ject tsi t
ray flux F, ~ 8 x 1013 cm?s~! only slightly exceeds the EJSSESS:QESE;J rzznlegegfscsogmi)gggn S In stipernova remnan
observed value. However, it is not clear, whether such systemg.. < 3\ M. Genzel. R. Paulini-Toth. LIK. and Witzel. A.. The

parameters can be brought into agreement with the thermal 5psojute spectrum of Cas A — an accurate flux density scale and
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