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Abstract. Based on the results of our previous study of thend probably even further in the near infrared (Tuffs et al. 1997)
broad band synchrotron emission of Cas A in the framewoakd at hard X-ray energies (Allen etal. 1997; Favataetal. 1997).
of a spatially inhomogeneous model, we calculate the fluxesTdie powerful radio emission of Cas A implies a total energy in
~-radiation that can be expected from this supernova remnagigativistic electrons of order0*® erg or higher (e.g. Cheva-
in different energy bands. We show that at energies below €Y et al. 1978; Anderson et al. 1991). A synchrotron origin
GeV ~-ray fluxes detectable by forthcoming space-borne def hard X-rays implies that relativistic electrons are acceler-
tectors should be inevitably produced due to bremsstrahlungatéd up to energies of a few tens of TeV (Allen et al. 1997;
radio emitting electrons. We predict that the power-law inddsavata et al. 1997). Thus, one should also expect the produc-
of the photon flux in the GeV region should be hard, close tmn of nonthermaly-rays in Cas A, due to the bremsstrahlung
the index(,.. ~ 2.2 expected for the acceleration spectrurand inverse Compton (IC) mechanisms, extending possibly be-
of electrons in compact bright radio structures. Photon fluxgend TeV energies. However, in the Me)}ray domain only
accessible to future ground-baseday detectors could also bethe*4Ti line emission at an energy 0157 MeV has been de-
expected at very high energies. The fluxes to be expected tieted by COMPTEL (lyudin et al. 1994). High energyray
to bremsstrahlung and inverse Compton radiation of relativisbbservations of Cas A by EGRET resulted in the flux upper
electrons at TeV energies should be very steep, and stronglylieit 7(> 100 MeV) < 1.2 x 107 ph/cm?s (Esposito et al.
pendent on the characteristic magnetic fields in Cas A. We codl@96). At TeV energies flux upper limits have been given by
expect also significant fluxes af’-decayy-rays produced by the Whipple (Lessard et al. 1999) and CAT (Goret et al. 1999)
relativistic protons which presumably are also accelerateddallaborations. A tentative detection of a weak signal at a signif-
Cas A. These fluxes may extend with a hard spectrum beyaodnce level of- 50 has been recently reported by the HEGRA
TeV energies as far as the protons could be accelerated to@ilaboration (Rhlhofer et al. 1999).
ergies> 100 TeV. The hardness of the-ray spectrum at TeV Gamma-ray fluxes expected from Cas A have been ear-
energies could in principle allow one to distinguish betwedier calculated by Cowsik & Sarkar (1980) who have de-
electronic and hadronic origins of thogeays. We discuss alsorived a lower limit to the mean magnetic field in the shell
other implications, such as relativistic particle content, or physt Cas A, By > 8 x 1075 G, comparing the bremsstrahlung
ical parameters in the source, that could be derived from futdhex of radio emitting electrons with the upper flux limit>
~-ray flux measurements in different energy bands. 100MeV) < 1.1 x 10~%ph/cm?s of SAS-2 (Fichtel et al.
1975) and COS B detectors. Calculations have been done in
Key words: acceleration of particles — radiation mechanisma: commonly used ‘single-zone’ model approximation, which
non-thermal — stars: supernovae: individuals@a— gamma assumes a spatially homogeneous source containing magnetic
rays: theory — radio continuum: ISM field, relativistic electrons and gas. In the same single-zone ap-
proximation, broad-band fluxes 9frays expected from Cas A
have been recently calculated by Ellison et al. (1999) and Goret
et al. (1999).
1. Introduction In our previous work (Atoyan et al. 1999, hereafter Paper 1)

The shell type supernova remnant (SNR) Cassiopeia A e have carried out detailed modelling of the synchrotron radia-
prominent source of nonthermal radiation in the Galaxy. It BoN of Cas Afromthe radio to the X-ray bands in order to under-

the brightest and one of the best studied radio sources (éﬁmd the relativistic electron content in the source. The principal

Bell 1975; Tuffs 1986; Braun et al. 1987; Anderson et al. 1995_ea'ture of our study in Paper 1 was that we have propospd-a

Kassim et al. 1995: etc.), with synchrotron radiation fluxes oB@!ly inhomogeneougnodel, consisting of two zones, that dis-

served also at sub-millimeter wavelengths (Mezger et al. 19g#duishes between compact, bright steep-spectrum radio knots

and the bright fragmented radio ring on the one hand, and the
Send offprint requests t&elix.Aharonian@mpi-hd.mpg.de remainder of the shell - the diffuse ‘plateau’ - on the other hand.
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In this paper, using the model parameters derived from the intassume that the accelerated electrons are injected into zone 1
pretation of synchrotron fluxes observed, we calculate the fluxegh some rateQ)(E,t), and study the effects of the energy-

of v-rays predicted in the framework of the spatially inhomadependent diffusive propagation of the particles on their spectra
geneous study of this SNR, and discuss implications which c&h 2 (E, t). Such a phenomenological approach is justified if
be derived from future-ray observations of this SNR in differ- particle acceleration occurs in a volume significantly smaller
ent energy bands. In Sect. 2, after a brief overview of the ba#fian the volume where the bulk of the emission of zone 1 is
features of the model, we study the fluxes to be expected fooduced. The equation for zone 1 then reads:

~-ray energies up t& ~ 10 — 100 GeV. This emission is con-

tributed mostly by bremsstrahlung of those electrons which AL = w _ M + V1 V2 +Q, 1)
responsible for the synchrotron emissionin the radio-to-infra:,\? OF Tese  VaTdif

bands. In Sect. 3 we discuss the fluxes expected in the very higtereP; represents the energy loss rate of the electrons in zone
energy regionfF > 100 GeV, where both bremsstrahlung and.- The second term on the right hand side of Eq. (1) describes
inverse Compton radiation of relativistic electrons are impoihe escape of the electrons into the plateau region on timescales
tant. In addition, a significant contribution to the total fluxes { 1 1 ]_1

could be due tor’-decayy-rays. These should originate fromr.(E) = | —— + —
S : | rait(B) | Te
relativistic protons which presumably are also accelerated in
Cas A. Asummary and the conclusions are contained in SectTAe termr. ~ 2R;/ui, where Ry ~ (0.03 — 0.1)pc is a
typical radius of the compact radio components ands the
. _ fluid speed in zone 1, corresponds to the convective escape time
2. High energy bremsstrahlung of radio electrons which does not depend on the electron energy. The principal
energy dependent term in Eq. (2) is the diffusive escape time:

(2)

2.1. Overview of the model

_ -5
In Paper 1 we have shown that the basic features of the obsergti E) = 7« (B/E.) ™" + Tmin , (3)

radio emission, in particular, where normalization to a typical enerdy, = 1 GeV of radio

(a) spectral turnover of the energy fluxgs~ v~ at frequen- emitting electronsis used, angl;, = 2R, /ctakes into account
cies below 20 MHz, that the escape time cannot be shorter than the light travel time.
(b) mean spectral index ~ 0.77 of the total flux at higher  The third term on the right hand side of Eq. (1) takes into
frequencies up tor < 30 GHz (e.g. Baars et al. 1977) whichaccount that the diffusive propagation and escape of particles is
then flattens tev ~ 0.65 in the submillimeter domain (Mezger effectively possible only in the directions opposite to the gradi-

etal. 1986), o _ ents of their spatial density, i.e. from zone 1 with a high concen-
(c) the spread of spectral indices of the radio knots from 0.6 tration of radio electrons into zone 2. In a standard power-law
toa ~ 0.9 (Anderson & Rudnick 1996), approximation for the above source function

and other characteristics can be explained in the framework B
a model that takes into account the effects of energy depé%{E) = Qo B~ exp(~E/E) , )
dent propagation of relativistic electrons in a spatially nonurtihe spectrum of the accelerated electrons can be Fard~
form remnant. We have considered the simplestinhomogene@i2s However the energy distributiaN; (E) of radio electrons
model, consisting of two zones with essentially different spax zone 1 becomes steeper tha(F) on the timescale.s.(EF)
tial densities of relativistic electrons. The model allows a rathef electron escape from zone 1 into zone 2. It is important that,
clear qualitative and quantitative distinction between compad shown in Paper 1, the degree of steepening at edeegr
bright radio structures in Cas A like the fragmented radio rirgentially depends on the ratio (or ‘the gradient’) of the energy
and the radio knots on the one hand, and the remainder of tiemsities of the electrons; (E)/V; to No(E)/Vz in these two
radio emitting shell — the diffuse radio ‘plateau’ region enclosambnes. The maximum steepening, corresponding to the spectrum
between the radio ring a@,in, ~ 1.7 pc and the blast wave at N1 (F) ~ Q(F) X Tesc(E) E~Pmax With Bmax = Bace + 0,
Ry = 2.5pc (for a distancel = 3.4kpc to Cas A, cf. Reed is reached only if this gradient is very high, and theregs
et al. 1995) — on the other. The model predicts that the spas#tepening at alif the energy densities become equal. There-
density of relativistic electrons in the compact radio structurdere, although the two-zone model is also rather simplified, as
which all together constitute what we termed zone 1, is mucbmpared with the reality, because it assumes the same elec-
higher than in the surrounding plateau region, termed zonet@n density for all components in zone 1, it allows a qualitative
Thus, zone 1 with a total volumié, much smaller that the vol- explanation for the variations of the power-law indices of in-
umel, of the shellis actually merged into zone 2 with a volumdividual radio knots fromu,in, =~ 0.6 t0 amax ~ 0.9 — 0.95
Vo=Vy -V = 1} (Anderson & Rudnick 1996; see also Wright et al. 1999) as-
In Paper 1 we have derived, by spatial integration of the dduming an efficient electron acceleration with the same hard
fusion equation for relativistic electrons, the set of Leaky-bgower-law spectrunB,.. = 1 + 2 amin ~ 2.2 and a diffusive
type equations for the overall energy distribution functions efscape time with a parameter~ 0.6 — 0.7. These variations
the electronsV; (E,t) and Ny (E, t) in zones 1 and 2, respec-do not then necessarily imply that particle acceleration signif-
tively. We do not consider the acceleration process itself, Hoantly varies across the remnant (Wright et al. 1999), but can
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be explained rather by differences in the local gradients, with
respect to the surrounding plateau, of the concentration of radio 0
electrons for different members of zone 1. @ ‘
In Paper 1 we have shown that a high contrast of electrégw wo’“’:—
densities needed for interpretation of the radio observations can :
be reached if the zone 1 components correspond to the sites of
efficient electron acceleration. In principle, the interpretation af 10" L
the radio data of Cas A does not suggest an efficient acceleration |
of the electrons in zone 2. We note however that such an accel- )
eration, with similarly hard power-law indef,.. as in zone 107 S8 9 10
1, is not excluded, provided that the amount of radio electrons
accelerated directly in the plateau region does not significantly
exceed the number of electrons leaking into zone 2 from zoni@- 1. Synchrotron fluxes calculated in the framework of two-zone
1. Otherwise the gradients in the spatial densities of electrgRede! for Cas A. An acceleration spectrum of the electrons in the

would be reduced resulting then in a strong suppression of spe€ 1. which is modelled as being composedof= 150 compact

tral modifications ofV, (E, ¢) in the zone 1 regions. structures with a mean radiug = 0.06 pc is given by Eq. (4) with

. S . the power law index3..c = 2.2 and exponential cutoff energy. =
The equation for the electron distributiof,(£, ¢) in zone 18 TeV; escape of the electrons into the surrounding extended zone

2 is similar to Eq. (1), where the source functignis substi- 5 ig gescribed by Egs. (2) and (3), with parameters= 28 yr and

tuted byQz = N1 /7esc (taking into account that effectively 5 — 0.7. The magnetic fields in zones 1 and 2 @ = 1.2mG

the escape of relativistic electrons from zone 1 correspondsat@ B, = 0.3 mG, respectively. Dashed and dot-dashed curves show

their injection into zone 2, and neglecting possible acceleratiosntributions of zone 1 and zone 2 into the overall synchrotron radiation

in zone 2), and the sign of the ter Ny /Vo74;s which de- flux (solid). The fluxes of Cas A measured from radio to spfay

scribes the diffusive escape of electrons from zone 2 into zdvands (see Paper 1 for relevant references) are also shown.

1is changed. Note that a two-zone model does not assume any

other escape of electrons from zone 2, e.g. into regions outsidfficient to reach a good accuracy in the final electron distri-

ofthe shell, because otherwise such an escape would corresgaiibns N, and Ns.

toa three-_zone model_ (see Sect. 3 below). _ _ The characteristics of the broad band synchrotron radiation
Numerical calculations are done by the method of iteratiogs Cas A can be best explained for the mean magnetic fields

using general analytical solutions to the Leaky-box type equB; ~ (1 — 2) mG and B, ~ (0.3 — 0.5) mG in zones 1 and

tions (e.g. see Atoyan & Aharonian 1999). For example, ti®e respectively. The total energy content in relativistic electrons

I I I I I I ‘\\ I
112 13 14 15 16 17 18 19 20

Log(v/Hz)

solution for Eq. (1) can be presented as in each of these zones is of ord&i*® erg, depending on the
1 t magnetic fieldsB; and B,. The X-ray fluxes observed above
Ni(E,t) = W/ Py (Ge) Qe (Ges 1) ¥ 10keV can be explained by synchrotron radiation of electrons
! 0 . in zone 1 with an exponential cutoff enerfy ~ (15—30) TeV
exp </ da ) dt, | 5) INEq.(4).
t) Tese(Ca) A possible fit to the broad band synchrotron fluxes of Cas A

whereQeg (E,t) = Q + Na/Tose. The variables; corresponds is shown in Fig. 1. Magn_etic fielldBl = 1.2mG and By =
to the energy of an electron at instant < ¢ which has the 0.3mG in the compact bright radio structures and in the diffuse

energyE at the instant, and is determined from the equationPat€au region, respectively, are assumed. The total magnetic

. field energy in the shell is theWg, = 3.8 x 10%® erg, and in
toty = / df (6) the compactzone 1 regions itligs, = 2 107 erg. The total

g Pi(E) energy of electrons in zones 1 and 345, = 1.6 x 10*8 erg

_ 48 i

At o rton s a i) 7) D18 e ety
corresponding to the first approximation/ is calculated for formed in zones 1 and 2, as well as the overall distribution
an injection function in the form of Eq. (4), i.e. neglecting Net(E) = Ni(E) +N2(E)' are shown in Fig. 2. As expected
the termNy /7esc IN Qe (E), OF else - neglecting in Eq. (1) theNtot(E) shows a pure pOV\;er-IaW behavior With= ., un- '
term describing the diffusive ‘return’ flux of the electrons from " o "C " e 4 Gk e preak energy 500 GeV. At this

zone 2 into zone 1. Then the energy distribution of the electro&%rgy the synchrotron cooling time of the electrons in zone 2
Nél)(E) in zone 2 in the first approximation, corresponding

to an effective injection function of the electrons in this zonk =~ 300 (E/1TeV)™!(B2/0.2mG) " ? yr )

N{Y(E)/7ese(E), is found. After thatVs" (E) is used for cal- becomes equal tothe age of the source, and at higher energies the
culations ole(Q)(E) in zone 1 in the second approximationradiative losses steepen the spectrum of zone 2 electrons to the
which now takes into account the ‘return’ flux of the electrongower-law index3 = (... + 1. Meanwhile, atF > 100 MeV

from zone 2. Calculations show that such a simple iteration ptbxe energy distribution of radio electrons in zone 1 is steepened
cedure is quickly converging, so typically several iterations ate 5, ~ S... + d because of diffusive escape of the electrons
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Fig. 2. The energy distributions of relativistic electrong (E) and _. . .
N2(E) in zone 1 (dashed line) and zone 2 (dot-dashed line) whiEI’Ig' 3. The fluxes of synchrotron (dotted line), bremsstrahlung (thin

correspond to Fig. 1. The solid line shows the total energy distributi a“?i I'Imtelz a?d |nversek C]f)tmpton (S'dOt(_jdﬁShetg line) radlat(ljor;s calcu-
of electrons in the source. ated in the framework of two-zone model for the same model param-

eters as in Fig. 1. The dashed and dot-dashed curves correspond to the
bremsstrahlung fluxes produced in zone 1 and zone 2, respectively.
from that zone where their spatial density(E) = N;(E)/V;, The heavy solid curve is the overall flux. The hatched region shows

is much higher thamy(E) = Ny (E)/Vz in the surrounding the expected flux sensitivity of GLAST (Bloom 1996). The X-ray/soft
plateau region. ~-ray fluxes measured by RXTE (Allen et al. 1997) and OSSE (The et

al. 1996) detectors, as well as flux upper limit of EGRET (Esposito et
al. 1996) are also shown.
2.2. Gamma-ray emission

The photon fluxI(E) = J(E)/E of the bremsstrahlung-
rays at energie® > m.c? practically repeats the power-law
spectral shape of the parent electrons. Therefore, one might ex-
pect that/ (E) would have the same power-law indax;; =
a4+ 1 & Sace @S Niot(E). However because of the differenté
spectral shapes of the radio electrons in zones 1 and 2 whete,
most probably, the gas densities are also different, the tofal 2-° |
bremsstrahlung spectrum of Cas A can somewhat deviate fr@n
the power-law behavior of the injection spectrum. o

In Fig. 3 the thin solid line corresponds to the total flux of 2
the bremsstrahlung photons produced by the electrons shown in
Fig. 2, and the dashed and dot-dashed lines represent the fluxes |
from zone 1 and zone 2, respectively. For the calculations we 1.5 Lol vl vl il
adoptamean gas density » = 15 cm ™ interms of ‘H-atoms’
(i.e. the nucleons) in zone 2. This corresponds to a total mass E (eV)

of about15 M, (e.g. Fabian et al. 1980; Jansen et al. 1988; e
Vink et al. 1998), in the volum& =~ 1.2 x 1057 cm? of the Fig. 4. The spectral indices of the photon fllikE) of the broad-band

-radiation expected from Cas A in the case of 3 different ratios of
shell betweertiyig and Ro. The mean value of the I:)"’lramew,lyhe gas parameters Cz in the compact zone 1 structures and ex-

Cz = Z(Z + 1)/A in the oxygen—rlc'h ¥ =3, A,: 16)  tended zone 2 (the shell). The solid curve corresponds to the ratio
gas in the shell (zone 2) of Cas A derived by Cowsik & Sark(;\Lt;{’1 Cz1/nm.2 Cz2 = 4, as assumed for the calculations in Fig. 3,
(1980) isCz = 4.3. For zone 1 we assume the same atoMighereas the dashed and dot-dashed curves show the spectral photon
(7,1 = 4.3,andthe gas density; 1 = 4nu 2. We note however indices which result if this ratio is equal, respectively, to 2 and 8.

that these parameters in the compact radio structures are not

known. In particular, the radio knots show practically no optical

line emission which would allow conclusions about the densityGeV) energies, where the bremsstrahlung flux is contributed
and mass composition of the gas there. Therefore, for differen&inly either by the first or by the second zone, the spectral
values of the gas parameters in zone 1, the relative contributindices are much less affected by the uncertainty in the gas
of zones 1 and 2 to the total bremsstrahlung flux would changarameters in zone 1.

As shown in Fig. 4, this results in some uncertainty of the model Because of the steep decline of the energy distribution of
predictions for the steepness of the totahy fluxes at energies radio electrons in the compact zone 1 structures, the intensity of
E ~ 100 MeV. At both smaller £ 10 MeV) and higher & the~-ray flux atE ~ 1 GeV is dominated by the flat-spectrum

3.5
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bremsstrahlung of zone 2 (see Fig. 3). It is also important thatthe shell is known with sufficient accuracy, comparison of
the contribution of the IC radiation, discussed in detail in thggs. (9) and (10) will result in a rather accurate estimate of the
next section, at this energy is not yet significant. Thereformagneticfield3,. Forexample, inthe case®fis ~ SBacc ~ 2.2
measurements of the differential fliiZ) of high energyy-rays as expected, the mean magnetic field in the shell would be
from Cas A by the future GLAST detector should allow a rather 0.63 063

accurate determinations of a number of important parametersjn _ 14 [J2(5 GHZ)} ' { f(1GeV) } ' mG(11)
Cas A. In particular, the spectral indexXfF) at GeV energies ' 350 Jy 10~ erg/cm?s

could give rather accurate information about the spectrum 'ﬂ];is knowledge of, could then help to estimate the mean
2

electrons in zone 2y ~ [2 (see Figs.3 and 4). At these oo . . .
ies th L f el . >h gnet|_c f|§ld also in compact brlgh_t radio structu_reBQSw
energies the energy distribution of electrons in zone a§n§2 which is needed for interpretation of the radio data (see

power law distributionV,(E) oc E~72 with the spectral index 2

: : Paper 1).
of accelerated particleg; = (... (see Fig. 2). . . .
Bremsstrahlung-rays with energie&., ~ 1 GeV are pro- At energies< 100 MeV the overall flux ofy-rays is domi-

duced by electrons with characteristic energies- 2 E,. The nated by the bremsstrahlung of relativistic electrons in the com-
-

mean frequency of the synchrotron photons emitted by the saﬂ?@t zone 1 region. As follows frpm Eq. (8)’ the radio CO“F“”‘
electrons is’ ~ 10° Bug (E./mec?)? whereBug — B/1mG part of theE' ~ 100 MeV ~-rays is the region of frequencies

(e.g. Ginzburg 1979). In terms of theray energy this relation v ~ 40 MHz, .Wh.ere the synchrotron radiation is dominated
is reduced to by zone 1 emission (see Fig. 1), and the fluxes are not yet af-

fected by synchrotron self-absorption. Although the expected
v~ 4 Bug (E,/1GeV)? GHz. (8) flux sensitivity of the GLAST detector drops significantly be-
Ilqw 100 MeV, in principle it may be able to detegtray fluxes
f%wn to energies- 10 MeV (Bloom 1996). Detailed modelling

For the expected mean magnetic field in the shell of Cas
of about (0.3-0.5\mG (Paper 1), electrons respc_m5|ble ol the fluxI(E) would help to extract the intensity of 100 MeV
bremsstrahlung of (1-2) GeY-rays are also producing syn-

chrotron photons witly ~ few GHz. Thus, a comparison of theb'remsstrahlung.-rays produced in zone 1, i.e. in the bright ra-
o o . S djo ring and radio knots. Then, for knowh(E ~ 100 MeV),
radiation intensities in these two regions will give almost mod

. . . . 1(v = 40MHz), and = (8; ~ (2.7 — 2.8) in zone 1 (as
!{Egesphir:ldem information about the mean magnetic figidn predicted in Paper 1), the Egs. (9) and (10) can be used to derive

Indeed, for the power-law distribution of electraN$E) o« the unknown produgty, x C'z) there. Note that in principle the
.gas parameters can be different in the radio ring and radio knots.

5 . : o d
tEhe f(,)::qe(lsr::ls;tye(r)fsynchrotron radiation can be written 'ﬁ possibility of separation of the contributions of these two dif-
P ’ ferent sub-components of zone 1 to the overall flup&) could

N, > < B )1*25‘ enable determination of the produg;C7, in each of them.

=0 E—= Important additional information about the gas parame-

10 1mG . .

L _2 ters in compact components could be derived from future ob-

( v )T d v ) servations of Cas A with high angular and energy resolution
10 GHz 3.4kpc ’ by the X-ray telescopes Chandra, XMM and Astro-E in the

whereN, = E, N(E,),with E, = 1 GeV,isthe characteristic ke\: reglc]:n. Eveg_ folr( thte ctart]se_otf no_r:—de;cet(r:]tdl;lz of }r;? line
total number of 1 GeV electrons. The bremsstrahlung intensf%? ures from radio knots, the intensity o rmai A-

I(E) (see e.g. Blumenthal & Gould 1970) can be presentedr emission will help to disentangle the denstiy from the_
the form of an energy flux(E) — E2I(E) as mean abundandgy. Because the intensity of thermal emission

Qr x Z2nzne. ~ Cynune, and because for the ionized gas
N, E \*¥7* the thermal electron density, = Znz ~ nu/2 (except for a
1050 1GeV hydrogen-dominated medium whefig ~ ny), the fluxes of

J, ~ 1.5 x 103(

f(E) ~ 7.5 x 107 ¥ ny Cz 2% (

B p 9 thermal X-rays will in principle allow determination of the pa-
X {ln () + 8.4] ( ) er% , (10) rameterCyzn% in the zone 1 structures. When combined with
1GeV 3.4kpc cm=s the knowledge of a different product of paramet€gsandny
whereC, = Z(Z + 1)/A, as previously. Then, because thfound from the comparison efray with synchrotron measure-

total intensity of~-rays at (1-2) GeV is dominated by theMents. each of these two parameters could be found.
bremsstrahlung of radio electrons in the shell (zone 2) respon-

sible also for the diffuse ‘radio plateau’ emissionat 5 GHz 3. Gamma-ray emission at very high energies

with the known fluxJ, (v) [, and because the valuenaf 2 C'z 2

3.1. Emission of relativistic electrons

1 The measurements of Tuffs (1986) taken in 1978 have shown
that~ 50 % of the total flux.J (1) ~ 800Jy of Cas A was due to If the fluxes of hard X-rays observed &t > 10keV have a

plateau emission. Taken into account the secular decline of the flux@gchrotron o.rigin (Allen et aI.. _1997§ Favata et al. 1997; — but
the intensity of diffuse radio emission presently can be estimated$8e also Laming 1998), relativistic electrons in Cas A should
J2(5 GHz) ~ 350 Jy. be accelerated to energies up to tens of TeV. These electrons
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duces the total number of electrons needed for explanation of
the radio fluxes observed by a factdtt%2)/2, This results in a
strong decrease of the bremsstrahlung flux by the same factor,
i.e. fur o< 1/a(1+P2)/2 The same dependence on the magnetic
field also holds for the intensity of IC emission which is pro-
duced by the electrons below the radiative break energy (the
‘knee’ around 500 GeV in Fig. 2) for which the synchrotron
cooling time is larger than the agg of the source. For these
electrons the energy distributiab(E) ~ Q(E) x t, repeats

E the injection spectrun@(E). However, VHE~-rays are pro-

] duced by electrons of higher energies. In that case the spectrum

-2_-1
S

I(E) (erg cm

- bl ‘\"f\mufﬁ of electrons isN(E) ~ Q(FE) x ts. Then, besides of a less
10 10 10 10 10 powerful injection rate) « o~ (1152)/2 needed for explanation
E (eV) of the radio fluxes, the spectral intensity of these electrons is

additionally suppressed by a factor < B3. Therefore the in-

rays calculated in the framework of two-zone model for Cas A for thtgnSI'[y of VHE radiation depends on the magnetic field in zone

—(5+ 2 . . N
same model parameters as in Fig. 1. The solid curve corresponds tt@Sf o B, ( ﬂQ.)/ , which is significantly stronger than at
total flux. The thin 3-dot-dashed curve shows the fraction of4@ys GeV energies. This is the result of emission of VHE electrons

produced due to upscattering of the thermal dust photons; other taigethe “saturation” regime, when all the power injected in TeV
photons for IC scattering of electrons are the synchrotron radiati@lectrons is channeled into (mostly) synchrotron and IC fluxes
2.7K microwave background radiation, and optical line emission @if the proportion defined by Eq. (12).
CasA. Thus, the flux of ICy-rays could be significantly increased
assumingmallervalues ofB;, and hence also @, because the

should then produce very high energy (VHE> 100 GeV) v-  ratio of magnetic fields in two zones should be approximately
rays. Along with bremsstrahlung, at these energies the principathe levelB; /B, ~ 4 in order to explain the radio data (see
mechanism fory-ray production is the inverse Compton (ICPaper 1). On the other hanB; cannot be significantly less than
scattering of the electrons in the ambient soft photon field. 13 mG, otherwise the bremsstrahlung flux would then exceed
principle, the photon field is contributed by the synchrotrotime radiation flux observed & ~ 100 keV, and the flux upper
photons, the thermal dust emission with= 97 K (Mezger et limit of EGRET atE > 100 MeV (see Fig. 3). Note that this
al. 1986) in the far infrared (FIR), the optical/IR line photons;onstraint on the magnetic field in the shell of Cas Aimposed by
and the 2.7 K cosmic microwave background radiation. the EGRET data are model independent sihce 100 MeV

As shown in Fig. 5, the most important target photon fielg-rays are produced by the same electrons with enefgies
for production of ICy-rays in Cas A is the FIR radiation which1 GeV which are responsible for the observed radio fluxes. On
is responsible for 80% of the IC flux in the VHE region. Note the other hand, the constraints imposed by the hard X-ray fluxes
that only due to the high density of the FIR radiation in Cas Are to some extent conditional, being based on a (resonable)
(which has not been taken into account in recent calculationsagsumption that the power-law injection spectrum starts from
Ellison etal. 1999), the flux of IG-rays becomes comparable asub-MeV energies.
TeV energies with the bremsstrahlung flux. Because the photon It is worthwhile to compare the constraints for the mean
fields should have practically the same density in both compagignetic field in the shell, i.e8, > 0.3mG, with the con-
and diffuse zones, irrespective of where they are produced, &ntints imposed in the framework of a spatially homogeneous
since the VHE electrons reside mostly in zone 2 (see Fig. @)e. a single-zone) model commonly used. Because radiative
IC radiation is contributed mostly by this zone. For an assumggses cannot steepen the spectrum of the radio electrons in
mean magnetic field in the shdl, = 0.3 mG (Fig. 5), the en- Cas A, both the acceleration spectrum and the overall energy
ergy density of the magnetic fieldisz = 2.5 x 10° eV /cm?®, distribution of electron®V (E) at GeV energies should be steep,
whereas the density of the FIR radiation calculated for the lwith a power-law index3... > 2.5 for the mean power-law
minosity Lrr =~ 3.6 x 1037 erg/s (Mezger et al. 1986) is only index of the observed radio fluxes ~ 0.77. This is obvi-
wraq ~ 2eV/cm?. Because the ratio of synchrotron to IC (irously much steeper than the ind8x.. ~ 2.2 predicted by
the Thomson limit) emissivities the two-zone model. As a result, the overall number of elec-
trons predicted in the framework of such single-zone approach
at low energies is much higher than for the two-zone model,
the IC fluxes of VHEy-rays are~ 103 times lower than the and hence the lower limit for the mean magnetic field in the
fluxes of synchrotron radiation produced by the same paretiell of Cas A consistent with the X-ray fluxes and upper flux
electrons in the UV/X-ray region. limitincreases tB,,i, ~ 1 mG (e.g. Ellison et al. 1999). Both

The fluxes of ICy-rays to be expected from Cas A depenthe steepness of the spectrum and the higher magnetic field pre-
very sensitively on the mean magnetic fighd in the shell. dicted in the framework of a single-zone model significantly
As follows from Eg. (9), an increase d¥; by a factora re- reduce the fluxes of-rays to be expected at very high ener-

Fig. 5. The fluxes of bremsstrahlung (dashed) and IC (dot-dashed)

(Isy/QIC = wB/wrad X B2 5 (12)
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Fig. 6. The fluxes of synchrotron radiation calculated in the framework Log(E/eV)

ofthe three-zone model, whenthe she_II may containregions with higrﬁé. 7.The integral fluxes of the broad-banetadiation expected from
(zone 2) and lower (_zone 3) magnetic fileds. _Th? fluxes produceddlas A in the case of two different values of the magnetic field in
zones 1, 2 and 3, with the assumed magnetic filBds= 1.6 mG, zone 1,B; = 1mG (solid line) andB; = 1.6mG (dashed line),

Bz = 0.4mG andB_g, = 0.1mG, are plotted in dashe_d, th'daShedcalculated in the framework of a 3-zone model, assumingEhat
and 3-dot-dashed lines, respectively. The heavy solid line shows §1e/4in zone 2,B; = 0.1 mG, and aninjection of relativistic electrons

total flux. The injection spectrum of the electrons in zone 1 is in t%th Bace = 2.15. All other model parameters are the same as in

form of Eq. (4) Withface = 2.15 and E. = 17TeV; the diffusive £ 5 axcept for the exponential cutoff energy in the cas@pof—
escape of electrons is describeddy= 0.7 for both zones 1 and 2, 1mG for which E. = 12TeV (in order to fit the X-ray fluxes for

but.,1 = 20 yr for compact zone 1, and,» = 800 yr for the much s agnetic field). The full dots show the fluxesrdtdecayy-rays
larger zone 2. calculated for relativistic protons with total enef@$, = 2 x 10 erg,
and acceleration spectrum with, = 2.15 and E. = 200 TeV, for

. . a tﬁpical ‘H-atom’ gas density in the shell of Cas A abaouyt =
gies. Note that the impact of the steepness of the accelerafjgn,,,—s The level of fluxes correspondingto % of the flux detected

spectrumQ(E) can be significantly reduced in the frameworlgom the Crab Nebula (e.g. Konopelko et al. 1999), and the expected
of a more elaborated model whepg I2) becomes significantly range of flux sensitivities of future IACT arrays fost = 10° h (where
flatter at higher electron energies, as in calculations by Ellisag is the number of cells, see Aharonian et al. 1997) are also shown.
et al. (1999). However, there is no way to reduce the impact of
the high mean magnetic fietd 1 mG which essentially reduces
the number of multi-TeV electrons needed for production ofa zone 2 are significantly larger than the sizes of the compact
given flux of synchrotron X-rays. Therefore, in the frameworkone 1 structures, the characteristic timescales for the electron
of a single-zone model the fluxes of VHE radiation which wouldscape from zone 2 into zone 3 should be significantly larger
not contradicthe observed hard X-ray flux will be significantlythan that the escape time from zone 1 into zone 2.
lower than the fluxes to be expected in the framework of a spa- In Fig. 6 we show the synchrotron radiation spectra calcu-
tially inhomogeneous two-zone model (compare Fig. 5 with thated in the framework of the 3-zone model assuming that zones
results of Ellison et al. 1999, and Goret et al. 1999). 2 and 3 have approximately the same volume filling factors in the
For the same values of the mean magnetic fields in zorskell. Note that zone 3 may include also regions not contained
1 and 2, the fluxes of 1G-rays expected from Cas A at TeVby the shell, in particular, the volume interior to the reverse
energies could be higher than in Fig. 5 if we consider a masbock if the diffusion coefficient there is sufficiently high (e.g.
structured model for the magnetic field distribution in the shddkecause of a low magnetic field there) so that relativistic par-
than the two-zone model. Namely, we may assume that the magles would be able to significantly penetrate upstream of the
netic field in the shell of Cas A may decrease from the highdstely expanding ejecta. In any case, zone 3 gives a principal
value B; in the compact zone 1 (the acceleration sites) topssibility for high energy electrons to escape from zone 2 into
lower value B in the surrounding zone 2, and further on t@ region with a lower magnetic field, resulting in some steep-
someBs < Bsin zone 3. The chain of equations describing thening of Ny (F) at E > 10 GeV. Then it becomes possible to
energy distributions of particles in such 3-zone model is easdgsume a power-law injection spectrum of the accelerated par-
derived in the same way as described in Paper 1 for the 2-zdictes (in zone 1) harder thah),.. ~ 2.2, without an excess of
case. Note that the 3-zone modelling may be more adequatéhradiation fluxes measuredim (Tuffs et al. 1997).
the radio pattern of Cas A which shows significant variations in In Fig. 7 we show the integral fluxes of Hzrays, in terms of
the brightness of the diffuse emission of the shell. Zone 3wouldix I(> E), calculated in the framework of the 3-zone model,
then represent the regions of the shell with relatively low magssuming 2 different values for the magnetic field in zone 1,
netic field, as well as possibly the regions adjacent to the shé}l, = 1 mG (solid line) andB; = 1.6 mG (dashed line), the
Relativistic electrons could then escape from zone 2 into zomagnetic fieldB; = By/4 in zone 2, andB; = 0.1mG in
3, as they do from zone 1 into zone 2. Because the spatial sizese 3. AlthoughB; and B in these 2 cases change only by
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a factor 1.6, the fluxes of Te-rays drop dramatically, by a electrons competitive with electron acceleration in the compact

factor of 6-7. Note that an assumption of the magnetic fiefdructures. However, there are no comparable observational con-

B3 for zone 3 smaller than 0.1 mG does not result in a furthstraints on the proton acceleration sites. In particular, the pro-

increase of TeVy-ray fluxes, because for such low magnetitons could plausibly be accelerated also at the blast wave. The

fields all electrons up to several TeV are not in the “saturatiostandard theory of diffusive shock acceleration suggests that the

regime (see Eq. (7)), therefore variationdfdo not affect the hadronic component of cosmic rays could be accelerated much

electron energy distributioVs (E). more copiously than the electrons, which generally explains the
It should be noted in connection with the 3-zone model, ap to two orders of magnitude overabundance of the nucleonic

compared with the 2-zone model,that it allows an increase @mponent in the observed galactic cosmic rays.

the ~-ray fluxes at energies above 1 TeV (where the IC radia- In Fig.7 we show by full dots the-ray fluxes resulting

tion dominates the overall flux from electrons) by a factor dfom the decay ofr’-mesons produced by relativistic protons

3 assuming the same magnetic fields and By for zones 1 in the inelastic interactions with surrounding gas in the shell of

and 2. Because the model parameters in zone 3 (as the magradis A. A power-law injection spectrum of relativistic protons

field Bs, the volumeVl; of zone 3 with this low field, and the in the form of Eq. (4), with3,.. = 2.15 as for the electrons,

escape time from zone 2 into zone 3) are difficult to deduce frassupposed. For the characteristic maximum energy of acceler-

radio observations, this introduces an additional uncertaintyated protons we have assumiégd= 200 TeV. Given the very

the model predictions for the fluxes of VHE radiation. Howevehigh magnetic field in the acceleration regidh, > 1 mG, even

the mean magnetic field3, and B; can be deduced rather acfor a rather young age of Cas A the relativistic protons, not be-

curately from futurey-ray detections of Cas A at lower energiefng affected by synchrotron losses like the electrons, can easily

(where bremsstrahlung dominates) as discussed in Sect. 2. Tiwarch such high values &f.. Indeed, using an estimate for the

in principle the spectral measurements of VHEay fluxes standard ‘parallel shock’ acceleration efficiency, the character-

could give an important information about the parameters istic maximum energy of the protons accelerated during time

zone 3 with low magneic field. (e.g. see Lagage & Cesarsky 1983) can be written as
The fluxes of TeViy-rays on the level down to few per cent B to

of the Crab nebula flux are in principle accessible for a systemlef =~ 450 (1mG> < 100 yr)

Imaging Atmospheric Cherenkov Telescopes (IACTSs) like the )

presently operating HEGRA. In this respect, the recent report of Us ) n~ ! TeV (13)

the HEGRA collaboration (#hlhofer et al. 1999) about possible 3000 km/s ’

detection, at~ 50 significance level, of a weak signal fromwherewu, ~ 3000km/s is a typical shock speed in Cas A (in
Cas Aappears very interesting, and needs a further confirmatigarticular, of the reverse shock), and> 1 is the so called

It should be said that the extraction ofasignal from CaSAWOUg;/rofactor (the ratio of the mean free path of a particle to its
require special care, because the fluxes of4@ys are expected gyroradius). Thus, in the case of shock acceleration in the regime
to decline already at energiés > 0.5 TeV much faster than close to the Bohm diffusion limity ~ 1, the protons in Cas A
the flux of the Crab Nebula, which is generally considered gguld reach the energy of order 500 TeV during an acceleration
a “standard candle”. This can be seen in Fig. 7, as well astifhe as short ag ~ 100 yr.

Fig. 4 where the spectral index of the differential flux is plotted The total energy of relativistic protons assumed for the cal-
(to be compared withy;¢ ~ 1.5 — 1.6 for the Crab Nebula). In culation ofr°-decayy-ray fluxes in Fig. 7i$V, = 2x10% erg,

Fig. 7 we also show the expected range of flux sensitivities of tiich corresponds to the mean injection power of the protons
forthcoming IACT arrays. It predicts that a significant flux ofiuring ¢, ~ 300yr of aboutL, ~ 2 x 10% erg/s. On the

VHE y-rays should be observed by the future VERITAS arrayther hand, for the magnetic fiel#®;, = 1mG the acceler-
(which is to operate in the northern hemisphere), if the observggon power of the electrons i, = 5.5 x 1038 erg/s, and
fluxes of hard X-rays above 10keV are indeed of synchrotrgn — 2.5 x 1038 erg/s for B; = 1.6mG. Thus, the protons
origin (AIIen et al. 1997; Favata et al. 1997) Detection of th@'e Supposed to be accelerated on|y by a factdr-off more
VHE ~-rays would allow a rather robust estimate of the meaifectively than the electrons. This ratio cannot be increased fur-
magnetic fields3, andBs. This could be done by a modelling,ther by more than a factor of 2, because otherwise the fluxes of
rather than by a direct comparison of the X-ray and FeV TeV #°-decay,-rays would exceed the flux upper limits shown
ray fluxes, because they are produced in different zones —jfirFig. 7. Therefore the ratio of proton to electron acceleration
compact zone 1 and the diffuse ‘radio plateau’, respectively.efficiencies in Cas A is significantly smaller than, or else have

not yet reached, the high valae40 which is usually supposed
3.2. 70-decay gamma-rays for a typical source of the Galactic cosmic rays.

It is worth noticing that the upper limit td), imposed by

The TeV~-radiationin Cas A could also be efficiently produceghe non-detection of TeV radiation from Cas A by Whipple and
by relativistic protons and nuclei which should be accelerateght detectors, is by one order of magnitude lower than the
Simultaneou5|y with the electrons. Our Study of the SpeCtral aﬁmitaﬁon imposed by the flux upper limit of the EGRET detec-

morphological characteristics of the radio emission of Casfy (see Fig. 7). Most probably, the total energy in accelerated
does not favour the blast wave as an efficient accelerator of @tons in Cas A can be already now limited by a value not
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significantly exceeding0*® erg. Of course, we cannot excludethen we could expect an enhancement of the overall IC flux as
that relativistic protons are accelerated only to energies beloell.

the TeV range. This would then imply that the electrons as well

are not accelerated to these energies, and therefore that the hard

X-ray fluxes detected from Cas A are not of a synchrotron orj- )

gin (which cannot be still ruled out, see Laming 1998). Thué; Conclusions

we expect that rather important conclusions could be deriVAQhough not yet Conc|usi\/e|y detected'.rays should in-
already from the fact of, hopefully, further confirmation of thevitably be produced in Cas A by relativistic electrons which
possible HEGRA detection of Tey-rays Cas A. are responsible for the synchrotron radiation in the radio to sub-
For both hadronic and electronic origin of the TeMays, millimeter wavelengths. Our model calculations predict (Fig. 3)
the fluxes are to be produced in the extended shell of Castfat the bremsstrahlung flux of these electrons should be ob-
enclosed between angular radii 1.5 and 2.5 arcmin, or perhgpgved at least at energies between 10 MeV and 30 GeV by
even in a bit larger region, if the VHE electrons would escapge future GLAST detector. It is also possible that instruments
from the shell (this may compose a part of zone 3, as discus§iRel INTEGRAL or Astro-E will be able to detect the flux of
in previous section). In terms of diameter, this makes an appgemsstrahlung photons at energies00 keV (produced pre-
ciable size of order of 5 arcmin. The IACT arrays are able #ominantly in the compact radio structures) from Cas A. In that
reconstruct the direction of individugtrays with an accuracy case one expects to see a profound hardening of the radiation
of several arcminutes which, in combination with a significa’pectrum above 100 keV. But this effect could be detected only
statistics of they-rays, may resultin a principal possibility to lo-if the mean magnetic field3; would not significantly exceed
calize relatively strong point sources with an accuracy of aboliinG, since otherwise the fluxes of sgftays would fall below
1 arcmin (Aharonian et al. 1997). Therefore IACT arrays opehe limits of detectability of these instruments.
ating at energies- 100 GeV might be able in principle to see  An important prediction of the spatially inhomogeneous
some structure (possible ‘hot spots’) in the expected generafdel is that the spectra of accelerated electrons in Cas A cor-
circular VHE~-ray image of the source. respond to a source function with a rather hard power-law in-
In this regard it might be worthwhile to note that radio obsegtex 3,.. ~ 2.2 (or even slightly harder), in agreement with
vations of Kassim et al. (1995) at low frequencies show definiigedictions for efficient shock acceleration, and not a value
signs of the presence of a substantial mass (at least sé¥edal of 3,.. ~ 2.5 as presently often assumed on the basis of the
of cold gas in the centrak 1’ region of the Cas A. If TeV mean spectral index of the observed radio fluxes: 0.77.
particles would be able to penetrate into that region (by difftrhis prediction of the model can be directly tested by future
sive propagation upstream of the freely expanding ejecta —détection of they-ray fluxes by GLAST in the energy region
the case of high diffusion coefficient), then a central ‘hot spafroundl GeV. At these energies the total flux is dominated by
would appear, associated with the bremsstrahlungrériecay  the bremsstrahlung emission of electrons which escape from the
~-rays produced by TeV electrons and protons illuminating tR@mpact acceleration regions into the surrounding shell, result-
cold unshocked ejecta. The mean gas density of this ejecta injtigin a power law distribution of electrons in the shell with an
central< 1’ region of Cas A can be estimatedas > 10cm ™ index 3, = B.cc. Therefore, the spectral shape of the radiation
per each solar mass of the ejecta (to be compared with the mgafected at these energies will give direct information on the
ny ~ 15cm™? in the shell). Therefore, if the multi-TeV parti- spectrum of acceleration in Cas A. The intensity of this radia-
cles could really diffuse into that region, so that, say, 5 per caf¥n will give a rather robust estimate of the mean magnetic field
of the total amount of these particles (protons and/or electrors)in the shell regions responsible for the diffuse ‘radio plateau’
would be concentrated in that region, and the mass of freely @mission. This would allow also a rather good estimate of the
panding ejecta there could be ab6 , then one could expect mean magnetic field in the compact radio structuBas;- 4 Bo.
that up ta20 % of the total flux of VHE-rays would come from  very important information on the magnetic field and chem-
the centre of Cas A. Note that at energiesl00 GeV where jcal abundance of the gas in the compact radio structures can
the sensitivity of IACT arrays is very high, most of theray e derived by measuring the radiation fluxes at energies below
flux produced by the electrons has a bremsstrahlung origin (3€® MeV. Although the expected angular resolution of GLAST
Fig. 5). may be insufficient to resolve the radio ring or radio knots, our
Another possible ‘hot spot’ of the IC origin could appear (a&tudy shows that most of the flux at these energies should be
higher energies) because of the known asymmetric spatial gifoduced in these compact structures. Therefore, in combination
tribution of the target IR photons near the spectral peak arougfih the known radio fluxes at low frequencies< 40 GHz, the
~ 30 pm (see25 pm map by Dwek et al. 1987). If TeV elec-~-ray spectrum of Cas A at energies 10-100 MeV will provide
trons are distributed rather homogeneously inthe sheII, then mﬁimportant information on the product of the gas parameters
expected overall IC flux would not significantly change. HOWE?, | andny; ; in those structures. Adding also the information
ever the image of Cas A at TeV energies will shift towards thg be expected from the future high angular resolution measure-
position of maximum IR emission in the northern shell. If, Ofents of the fluxes of thermal X-rays from the compact radio

the other hand, the density of TeV electrons were enhancediffuctures, even in the case of absence of line emission features
the northern shell (where the radio brightness is also enhancigdlould be possible to disentanglg; ; andC7, ;.
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