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1. Introduction

Gamma-ray observations of the Small Magellanic Cloud with the EGRET telescdymard
theCompton Gamma Ray Observatdwgve proved that the bulk of cosmic rays (CRs) propagating
in the Milky Way are produced in Galactic sources [1]. Observations adiffigse y-ray emission
from our Galaxy allow to estimate the total CR luminosity [2]:

X
Ler = LVYV ~5x10%erg s, (1.1)

whereL, ~ 5 x 10*® erg s is the total luminosity of diffuse high-energy-(100 MeV) y rays
emitted in the decay of® produced by CR interaction with the interstellar medium (ISkj)~

120 g cnr? is the mean grammage needed for a CR ion to produn® ia the ISM andx ~

12 g cnt? is the mean path length that CRs traverse before escaping the Galaxy,isviitier-
mined from measurements of the CR chemical composition near Earth. In dearpdhe total
power supplied by Galactic supernovae (SNe) is

Lsn = EsnRsn ~ 107 erg s, (1.2)

whereEsy ~ 1.5 x 10°1 erg is the approximate total ejecta kinetic energy of a SN R~ 2
per century is the current epoch Galactic SN rate [3]. Thus, SNe hawggh power to sustain
the CR population against escape from the Galaxy and energy lossaggeifidsta mechanism for
channeling~ 5% of the SN mechanical energy release into relativistic particles.

Diffusive shock acceleration (DSA) at the blast waves generatedN\ogxplosions can in
principle produce the required acceleration efficiency, as well as theredd power-law spectrum
of CRs [4—7]. In this model, a fraction of ambient particles entering the Siksfront can be
accelerated to high energies during the lifetime of a supernova remnaRY) (8Ndiffusing back
and forth on compressive magnetic fluctuations of the plasma flow on bothdlidiee shock. A
critical ingredient of the theory is the strength of the turbulent magnetic fidlieishock accelera-
tion region, which governs the acceleration rate and in turn the maximumyeofdige accelerated
particles. If the turbulent field upstream of the SN shock is similar to the mte®x field in the
surrounding ISM B ~ 5 uG), the maximum total energy of an ion of chaevas estimated 25
years ago to be (for a quasi-parallel shock geomera, ~ 10'4Z eV [8]. But in more recent
developments of the DSA theory, it is predicted that large-amplitude magndtidence is self-
generated by streaming of accelerated patrticles in the shock regiorthatitihe ambient magnetic
field can be strongly amplified as part of the acceleration process [9-4d1his case, protons
might be accelerated in SNRs up tox30%° eV, i.e. the energy of the spectral "knee" above which
the measured all-particle CR spectrum shows a significant steepeninigibGtions of accelerated
a-particles and heavier species might then explain the existing CR measureipéots10'’ eV
[12]. Above energies of 16-10° eV, CRs are probably of extragalactic origin.

Another uncertain parameter of the DSA model is the fraction of total sliog&eticles in-
jected into the acceleration process. Although theoretical progresebasiade in recent years
[13], the patrticle injection and consequently the acceleration efficierecgtdr not well known.
However, theory predicts that for efficient acceleration the energgityeof the relativistic nuclear
component can become comparable to that of the postshock thermal comomdrich case the
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backreaction of energetic ions can significantly modify the shock struetutlethe acceleration
process can become highly nonlinear (e.g. [14]). In particular, the mEssijpn ratio of a CR-
modified shock is expected to be higher than for a test-particle shock (i.en thle accelerated
particles have no influence on the shock structure). This is becausghothe softer equation of
state of a relativistic (CR) gas and the energy loss due to escape ofrateglparticles from the
shock region [15]. Moreover, the temperature of the shock-heatedagabe reduced if a signifi-
cant fraction of the total available energy of the shock goes into relatiyiatiicles. Observations
of these nonlinear effects [16 — 18] provide indirect evidence for tfigent acceleration of ions
in SN shock waves.

The acceleration of electrons in SNRs leaves no doubt, since we oltsemrenthermal syn-
chrotron emission that these particles produce in the local magnetic fieltb Raathrotron radi-
ation, which in SNRs is emitted by GeV electrons, was discovered in the 198@=e recent is
the observation of X-ray synchrotron emission from young shell-typR<SN9], which is due to
electrons accelerated to very high energi®s>1 TeV. Thanks to the extraordinary spectroscopic-
imaging capabilities of th¥MM-NewtorandChandraX-ray observatories, this nonthermal emis-
sion can now be studied in great details and recent observations of BiNRbese satellites have
shed new light on the DSA rate and the maximum energy of the acceleratedgsarThis is the
subject of Section 2.

In Section 3, we discuss the origin of the Tg\¥ay emission observed from a handful of shell-
type SNRs with atmospheric Cerenkov telescopes. For some objects, ttiedgteays have been
explained as resulting from® production in nuclear collisions of accelerated ions with the ambient
gas. If this were true, this high-energy emission would be the first osenal proof that CR ions
are indeed accelerated in SN shock waves. However, the origin of thg-fays emitted in SNRs
is still a matter of debate, because at least in some cases the high-enetggspban also be
produced by inverse Compton scattering of cosmic-microwave-backdnmootons (and possibly
optical and infrared interstellar photons) by ultrarelativistic electrons.

In Section 4, we show that radio observations of extragalactic SNe ogigprcomplementary
information on the DSA mechanism. As an example, we use a semianalytic desapigimnlinear
DSA to model the radio light curves of SN 1993J. We choose this objeetulseche set of radio
data accumulated over the years [20] constitutes one of the most detailefirsesurements ever
established for an extragalactic SN in any wavelength range. We daviveliese data constraints
on the magnetic field strength in the environment of the expanding SN shagk the maximum
energy of the accelerated particles, as well as on the fractions of eth@b&ctrons and protons
injected into the acceleration process. Conclusions are given in Section 5.

2. X-ray synchrotron emission from SNRs

Together with the thermal, line-dominated X-ray emission from the shockdhgag a grow-
ing number of SNRs show nonthermal, featureless emission presumablcprbloy ultrarelativis-
tic electrons in the blast wave region via a synchrotron process. Highlamresolution observa-
tions made with th&€handraand XMM-NewtonX-ray observatories have revealed very thin rims
of nonthermal emission associated with the forward shock. In sevesakchke SN 1006 [19]
and G347.3-0.5 [21], the synchrotron component completely dominatesdimahX-ray emis-
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sion. The measured power-law spectral index of the X-ray synclro&iation is always much
steeper than that of the nonthermal radio emission, which is consistent wigctation that the
X-ray domain probes the high-energy end of the accelerated electtdbutisn. The comparison

of radio and X-ray fluxes allows to determine the exponential cutoff (maxinitequency of the
synchrotron emission, which is related to the maximum energy of the accelerated electrons and
the ambient magnetic field as (e.g. [22])

E 2/ B
=1.26x 1016 oM Hz. 2.1
Ve X (10Tev 10uG) % 2.1)

Diffusive shock acceleration can only occur for particles whosela®n rate is higher than
their energy loss rate in the acceleration region. The maximum electronyeBgrghy, can be
estimated by equating the synchrotron cooling time (e.qg. [23]),

E 1 o
Tsyn(Eemax) = ﬁ& 0 Ee,r?haxB 2, (2.2)

where(dE/dt)syn is the synchrotron loss rate Bt max, to the acceleration time

Ee max N K(Ee,max)
(dE/dt)acc Ve

Tacd Eemax) = (2.3)

where (dE/dt)acc and K (Eemax) are the acceleration rate and mean spatial diffusion coefficient
of the electrons of energlemax in the blast wave region and; is the shock speed. We have
neglected here the dependencergf on the shock compression ratio (see [23]). The value of
K (Eemax) depends on the strength and structure of the turbulent magnetic field. JA¢Hory
predicts that CRs efficiently excite large amplitude magnetic fluctuations upstretne forward
shock and that these fluctuations scatter CRs very efficiently [6, 9 HtLik]therefore generally
assumed that the spatial diffusion coefficient is close to the Bohm limit:
L\

=3

wherev is the particle speed ang=pc/(QeB) the particle gyroradiusp being the particle mo-
mentum,c the speed of lightQ) the charge numbef) = 1 for electrons and protons), arde the
electronic charge. Note that for ultrarelativistic electrokis= rqc/3 [ E.B~'. Equating equa-
tions (2.2) and (2.3) and using equation (2.1) to expEssx as a function oB andv,, we can
write the ratio of the electron diffusion coefficient at the maximum electromggne the Bohm
coefficient as:

K X Ks (2.4)

K (Eemax)
Nk = ke
Thus, measurements 9§ and v, can allow to derive), without knowing the ambient magnetic
field. Using this result, several recent studies [22 —25] have showihidi@ are regions in young
(t < 10* yr) SNRs whereacceleration occurs nearly as fast as the Bohm theoretical I{iét
1 < n¢ < 10). This provides an important confirmation of a key prediction of the DSA model.

The strength of the magnetic field in the shock acceleration region may hedé&mom the
thickness of the nonthermal X-ray rims observed in young SNRs (e.g272@3]). One of the two
interpretations that have been proposed to explain the thin X-ray filamentt héy result from

EAVAIRES (2.5)
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fast synchrotron cooling of ultrarelativistic electrons transported dovwam of the forward shock.
In this scenario, the width of the filaments is set by the distance that the ekeciwar before
their synchrotron emission falls out of the X-ray band. The electronpati the downstream
region is due to a combination of diffusion and advection, whose corrdapgpscale heights are
[27] lgit = /KTsyn 0 B~3/2 (see eqs.[2.2] and [2.4]) arlghy = TsynVs/Tiot 0 B-3/2E5 YA/ o,
respectively. Hereq is the overall compression ratio of the shock &d~ 5 keV is the typical
X-ray energy at which the rims are observed. Thus, by compdgjpgndl,gy to the measured
width of the X-ray filaments (e.dops~ 3” in Cas A which gives 0.05 pc for a distance of 3.4 kpc
[26]) one can estimate the downstream magnetic field. Applications of this metibdndraand
XMM-Newtorobservations of young SNRs have shown thatmagnetic field at the forward shock
is amplified by about two orders of magnituakecompared with the average Galactic field strength.
This conclusion has been recently strengthened by the observati@amafime variations{1 yr)

in bright X-ray filaments of the SNR RXJ1713.7-3946 (also named G34%)3®hich are inter-
preted as resulting from fast synchrotron cooling of TeV electrons ingneti field amplified to
milligauss levels [28]. Such a high magnetic field is likely the result of a nonliagglification
process associated with the efficient DSA of CRs [9—11].

The other interpretation that has been proposed to account for the ttaip fdlaments is that
they reflect the spatial distribution of the ambient magnetic field rather thap#tilsdistribution
of the ultrarealtivistic electrons [29]. In this scenario, the magnetic field isghioto be amplified
at the shock as well, but the width of the X-ray rims is not selgfgyandlq,, but by the damping
length of the magnetic field behind the shock. In this case, the relation drse detween the rim
thickness and the downstream magnetic field would not be valid. Comparisogheresolution
X-ray and radio images could allow to distinguish between the two interpretati@eause the
synchrotron energy losses are expected to be relatively small for &eWans emitting in the
radio band [26]. Thus, if the X-ray filaments are due to rapid synchmatonling of TeV electrons,
the same structures should not be seen in radio images. A recent detailpa&iycho’'s SNR
has not allowed to draw firm conclusions on the role of magnetic dampingd#terblast wave
[30]. Further high-resolution observations of SNRs in radio wavelengthuld be very useful.

The findings that (1) DSA can proceed at nearly the maximum possible rateh@dohm
limit) and (2) the magnetic field in the acceleration region can be strongly ampbfigdiest that
CR ions can reach higher energies in SNR shocks than previously estinydtadage & Cesarsky
[8]. Thus, Berezhko & V6lk [12] have argued that protons can leelgcated in SNRs up to the
energy of the knee in the CR spectrum, at BO'® eV. But relaxing the assumption of Bohm diffu-
sion used in the calculations of Berezhko & VOolk, Parizot et al. [23] ludbtained lower maximum
proton energies for five young SNRs. These authors have denivagger limit of~ 8 x 104 eV
on the maximum proton energi, max, and have suggested that an additional CR component is
required to explain the CR data above the knee energy. Recently, Ellisdad&nvrov [31] have
pointed out that the average magnetic field that determines the maximum prei@y ean be
substantially less than the field that determines the maximum electron energyis Deisause
electrons remain in the vicinity of the shock where the magnetic field can begktramplified,
whereas protons of energi&s > Eemax diffuse farther in the shock precursor region where the
field is expected to be weakeE{max > Eemax because radiation losses affect the electrons only).
This nonlinear effect of efficient DSA could reduEgmax relative to the value expected from test-
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particle acceleration. Nonetheless, recent calculatioks pfxin the framework of nonlinear DSA
models suggest that SNRs might well produce CRs up to the knee [31, 32].

3. TeV gamma-ray emission from SNRs

Atmospheric Cerenkov telescopes have now observed high-epeeyg from six shell-type
SNRs: Cas A with HEGRA [33] and MAGIC [34], RX J1713.7-3946 with C&NROO [35] and
HESS [36], RX J0852.0-4622 (Vela Junior) with CANGAROO-II [37]daHESS [38], RCW 86
with HESS [39], IC 443 with MAGIC [40], and very recently SN 1006 in de¢¢ESS observations
[41]. In addition, foury-ray sources discovered in the Galactic plane survey performed wittsHES
are spatially coincident with SNRs [42].

With an angular resolution of 0.06° for individual y rays [36, 38], HESS has provided
detailed images above 100 GeV of the extended SNRs RX J1713.7-3948Xad0852.0-4622
(their diameters are- 1° and ~ 2°, respectively). In both cases the images show a shell-like
structure and there is a striking correlation between the morphology gftag emission and the
morphology previously observed in X-rays. For both objects the X-raisgion is completely
dominated by nonthermal synchrotron radiation. The similarity ofyiay and X-ray images
thus suggest that the high-energy emission might also be produced bglalixastic electrons,
via inverse Compton (IC) scattering off cosmic-microwave-backgro@R), optical-starlight
and infrared photons. Theray radiation would then be produced by electrons of energy (in the

Thompson limit) 2
1
Ee~ (23) mec?, (3.1)
whereE, is the typical energy of the seed photoBgjs the average final energy of the upscattered
photons andr is the electron mass. For the CMB, whose contribution to the total IC emis-
sion of SNRs generally dominatel, ~ 3kTemg = 7.1 x 104 eV (k is the Boltzmann constant
and Tcug = 2.73 K). Significanty-ray emission beyoné, = 30 TeV has been detected from
RX J1713.7-3946 [36]. Thus, an IC origin for the high-energy emisgioald imply that elec-
trons are accelerated to more than 90 TeV in this object. In more accurabdatalts that take
into account the contributions of the optical and infrared interstellar radifigtils, the maximum
electron energy is found to & max ~ 15—40 TeV [43]. This result is consistent with the value of
Eemax derived from the width of X-ray filaments in RX J1713.7-39&6nax = 36 TeV [23].

Assuming that the same population of ultrarelativistic electrons produce betbbterved
TeV y-rays and nonthermal X-rays, the mean magnetic field in the interaction regyidme readily
estimated from the ratio of synchrotron to IC luminosities:

Lsyn_ UB o B2
I—IC Urad 877Urad7

(3.2)

whereUg = B?/(8m) is the magnetic field energy density adgq is the total energy density of
the seed photon field. Witbcyg ~ 0.25 eV cnt? for the CMB andUjr ~ 0.05 eV cnt? for

the interstellar infrared background (e.g. [44]), we hblg ~ 0.3 eV cnT 2 (we neglect here the
contribution to the IC emission of the optical starlight background). Threm the measured ratio
Lsyn/Lic ~ 10 for RX J1713.7-3946 [44], we obtai~ 11 uG. This value is significantly lower
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than the downstream magnetic field estimated from the observed X-rayBim$80 uG [23] (or

B > 65 uG in Ref. [45]). In other words, if the magnetic field in the electron interaatémion is

as high as derived from the width of the X-ray filaments, IC radiation caaccount for the TeV
y-ray data.

The magnetic field amplification is the main argument to favor a hadronic origthédnigh-
energyy rays produced in RX J1713.7-3946 and other SNRs [45]. The stidipe measureg-ray
spectrum below1 TeV has also been used to advocate that the high-energy emission ntight no
be produced by IC scattering [44], but the IC calculations of Ref. féBfoduce the broadband
emission of RX J1713.7-3946 reasonably well. In the hadronic scenhedeVy rays are due
to nuclear collisions of accelerated protons and heavier particles with anrsnwhich produce
neutral pions® that decay in 99% of the cases into two photons with energies of 67.5 GéV eac
in the ¥ rest frame (2< 67.5 GeV is ther® mass). At TeV energies in the observer rest frame,
the spectrum of the®-decayy rays essentially reproduces, with a constant scaling factor, the one
of the parent ultrarelativistic particles. The accelerated proton energiebe estimated from the
y-ray spectrum ag, ~ E,/0.15 [36]. The detection oy rays withE, > 30 TeV in RX J1713.7-
3946 thus implies that protons are accelerated to more than 200 TeV, whidhabaut an order
of magnitude below the energy of the knee.

However, the hadronic scenario is problematic for RX J1713.7-3946.t®the lack of ther-
mal X-ray emission, the remnant is thought to expand mostly in a very diluted mexdidensity
n < 0.02 cnT 3 [21]. Itis likely that the SN exploded in a bubble blown by the wind of the preg
itor star. The flux ofy rays produced by pion decay is proportional to the product of the numbe
of accelerated protons and the ambient medium density. Thus, the totgl eoatained in CR
protons would have to be large to compensate the low density of the ambientrmdgliom the
y-ray flux measured with HESS from the center of the remnant, Plaga [4GEantly estimated
that the total CR-proton energy would have toxbd x 10°! erg! Katz & Waxman [47] also argue
against a hadronic origin for the TeV emission from RX J1713.7-3946y €how that it would re-
quire that the CR electron-to-proton abundance ratio at a given ref@tigiergyKep < 2 x 107>,
which is inconsistent with the limit they derived from radio observations oRSMhh the nearby
galaxy M33,Kep 2 103, Moreover, radio and X-ray observations of RX J1713.7-3946 ssiyg
that the blast wave has recently hit a complex of molecular clouds locatedwestern part of the
remnant [21]. The ambient medium density in this region has been estimatedt@@e cnt 3.

In the hadronic scenario, a much higheray flux would be expected in this direction, contrary
to the observations [46]. Thus, tlyeray morphology revealed by HESS practically rules out pion
production as the main contribution to the high-energy radiation of RX J1733B13.

But then, why the magnetic field given by the ratio of synchrotron to IC lunitiesgeq. [3.2])
is inconsistent with the field derived from the X-ray filaments? This sugdfestshe filamentary
structures observed witbhandraandXMM-Newtorare localized regions where the magnetic field
is enhanced in comparison with the mean downstream field [47]. It is poskiil¢he magnetic
field is amplified at the shock as part of the nonlinear DSA process, butdpély damped behind
the blast wave [29]. The mean field downstream the shock would therertitdztly related to the
observed thickness of the X-ray rims.

Although the unambiguous interpretation of the TeV observations of shalSi{RRs remains
uncertain, the high-energyray emissions from RX J1713.7-3946 and RX J0852.0-4622 are prob-
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ably produced by IC scattering [47]. For Cas A, the case for a hadooigin of the TeV radiation
may be more compelling, as the density of the ambient medium is higher [26]. eMsaurce
MAGIC J0616+225 [40] which is spatially coincident with IC 443 may also tmdpced by pion
decay. IC 443 is one of the best candidates fgrray source produced by interactions between
CRs accelerated in a SNR and a nearby molecular cloud [48]. Hopefullypt@mingGLAST
satellite will allow a clear distinction between hadronic and electrgsigy processes in these ob-
jects. With the expected sensitivity of the LAT instrument between 30 MeV @0dzV,GLAST
observations of SNRs should differentiate between pion-decay arukekdra [49].

4. Radio emission and nonlinear diffusive shock acceleration in SN 1993J

About 30 extragalactic SNe have now been detected at radio waveléngptha number of
cases, the radio evolution has been monitored for years after outbtiistgdnerally accepted
that the radio emission is nonthermal synchrotron radiation from relativistitrens accelerated
at the SN shock wave [50]. At early epochs the radio flux can be dyraitenuated by free-
free absorption in the wind lost from the progenitor star prior to the explossgnchrotron self-
absorption can also play a role in some objects [51]. The radio emissionSiencan provide
unique information on the physical properties of the circumstellar medium {GBM the final
stages of evolution of the presupernova system [52]. We show hdrthih@mission can also be
used to study critical aspects of the DSA mechanism.

The type IIb SN 1993J, which exploded in the nearby galaxy M81 at antistaf 363+
0.34 Mpc, is one of the brightest radio SNe ever detected (see [20] é&m@mees therein). Very
long baseline interferometry (VLBI) imaging has revealed a deceleratipgreton of a shell-like
radio source, which is consistent with the standard model that the radici@mésses from a
region behind the forward shock propagating into the CSM. The expahsi® been found to be
self-similar [53], although small departures from a self-similar evolutioretmeen reported [54].
The velocity of the forward shock can be estimated from the measuredradieas of the radio
shell, i.e. the shock radius, asVs = drs/dt = 3.35x 10 t; %" km s71, wherety is the time after
shock breakout expressed in days.

Extensive radio monitoring of the integrated flux density of SN 1993J hers d@nducted with
the Very Large Array and several other radio telescopes [20]. €ifjwshows a set of measured
light curves at 0.3 cm (85-110 GHz), 1.2 cm (22.5 GHz), 2 cm (14.9 GBig)cm (8.4 GHz),
6 cm (4.9 GHz), and 20 cm (1.4 GHz). We see that at each wavelengthuthéehsity first
rapidly increases and then declines more slowly as a power in time (the da @n@o not
allow to clearly identify this behavior). The radio emission was observed ddesuy decline
after day~3100 (not shown in Fig. 1), which is interpreted in terms of an abruptedeser of the
CSM density at radial distance from the progeniter 3 x 1017 cm [20]. The maximum intensity
is reached first at lower wavelengths and later at higher wavelengttishig characteristic of
absorption processes. For SN 1993J, both free-free absorptioa @SM and synchrotron self-
absorption are important [51, 55, 20]. To model light curves of radie,SMeiler et al. [52, 20]
have developed a semi-empirical formula that takes into account thesesaptbn mechanisms.

1See http://rsd-www.nrl.navy.mil/7213/weiler/kwdata/rsnhead.html.
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Figure 1: Radio light curves for SN 1993J at 0.3, 1.2, 2, 3.6, 6, and 20Tme dotted blue lines represent
the best fit semi-empirical model of Ref. [20]. The dashed(redp. solid green) lines show results of the
present model foniﬁj = ng; = 107> (resp. niﬁj =2x10 % andng; = 1.4 x 10°°; see text). The data are

from Ref. [20] and references therein.

For SN 1993J, the best fit to the data using this semi-empirical mddge€ blue curvem Fig. 1)
requires nine free parameters [20].

I have developed a model for the radio emission of SN 1993J, which is éuspir previous
works on the morphology of synchrotron emission in young SNRs [56, B model will be
presented in detail in a forthcoming publication [58] and | only give heoadbroutlines. First,
the density profile for the CSM is taken pgsm(r) = po(r/ro) 2 as expected for a constant wind
mass-loss rate and terminal velocity. Hege= 3.49 x 104 cm is the shock radius &t= 1 day after
outburst angbg is a free parameter. Evidence for a flatter CSM density profile has beecatdd
(pcsm OS5, with s~ 1.6; see [20] and references therein), based on the measured timeldepen
of the optical depth to free-free absorption in the C3M, However, Fransson & Bjérnsson [55]
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have shown that the time evolution gf can be explained by a decrease of the CSM temperature
with r together with the standard 2 distribution for the density. The results of the present work
provide support to this latter interpretation [58]. Thus, in the present lninde-free absorption is
calculated assuming the time dependencgesafbtained in Ref. [55] and using the best-fit value of
Po (or more preciselpg) as a normalization factor.

Because synchrotron self-absorption is important in SN 1993J, theydtrand evolution of
the mean magnetic field in the region of the radio emission can be estimated fromdbkeratke
peak flux at different wavelengths [51]. Using equation (12) of I&ff], | obtain from the data at
1.2,2,3.6,6,and 20 cm:

(B) = (464 19)a /% L0009 G, (4.1)

wherea is the ratio of the total energy density in relativistic electrons to the magnetigyener
density. The errors include the uncertainty in the contribution of free-diesorption. This time
dependence ofB) is close to that expected if the magnetic field at the shock is amplified by a
constant factor from the available kinetic energy density (see [9]) idrcitse, one expeds$ /8]
pcsmVZ, which givesB Ot~ for pcsm O 12, Note that the flatter CSM density profile supported
by Weiler et al. [20],0csm O r~28, would imply for the assumed scaligy0 pom Vs O t~083
which is somewhat inconsistent with the data.

Based on the measured time dependencéBbfthe immediate postshock magnetic field is
assumed to be of the forBy = Botd‘l, whereBy is a free parameter expected to be in the range
~100-600 G for a typical value af in the range~10-°-102 (see eq. [4.1]). The evolution of
the magnetic field behind the shock is then calculated from the assumption tffiatdhie carried
by the flow, frozen in the plasma, so that the parallel and perpendicularatia§eld components
evolve conserving flux (see [56] and references therein). Resbitned with the alternative
assumption that the magnetic field is rapidly damped behind the shock wave gilldrein [58].

The hydrodynamic evolution of the plasma downstream the forward shaedglated from
the two-fluid, self-similar model of Chevalier [59], which takes into accadtmt effects of CR
pressure on the dynamics of the thermal gas. The overall structurerR$ 8&h be described by
self-similar solutions, if the initial density profiles in the ejected material (ejeah)jrathe ambient
medium have power-law distributions, and if the ratio of relativistic CR presgutotal pressure
at the shock front is constant [59]. The backreaction of energet& ¢gan strongly modify the
shock structure of young SNRs, such as e.g. Kepler's remnant RLE]the situation is different
for SN 1993J because of the much higher magnetic field in the shock poeaegion, which
implies that energy is very efficiently transfered from the CRs to the therasaVig Alfvén wave
dissipation [14]. The resulting increase in the gas pressure aheadw$tbes subshock is found
to limit the overall compression ratioy, to values close to 4 (i.e. the standard value for a test-
particle strong shock) even for efficient DSA. Thus, the hydrodynawidution of SN 1993J can
be safely calculated in the test-particle, self-similar approximation.

Both the energy spectra of the accelerated particles and the thermodynapecties of the
gas just behind the shock front (i.e. the boundary conditions for thesigaifar solutions of the
hydrodynamic evolution) are calculated with the semianalytic model of nonlD8ardeveloped
by Berezhko & Ellison [14] and Ellison et al. [60]. However, a small ap@to the model has
been made: the Alfvén waves are assumed to propagate isotropically irethesar region and
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not only in the direction opposite to the plasma flow (i.e. egs. (52) and (5Rebf[14] are not
used). This is a reasonable assumption given the strong, nonlineartmdighe amplification [9].
Although the semianalytic model strictly applies to plane-parallel, steady statksshiohas been
sucessfully used in Ref. [60] for evolving SNRs. The main parameterisﬂrmbdel,niﬁj, is the
fraction of total shocked protons in protons with momentpi? piyj injected from the postshock
thermal pool into the DSA process. The work of Ref. [13] allows us toeately relate the injection
momentumpi,; to niﬁj. Similarly, we defineni‘;j for the electron injection. The latter parameter
is not important for the shock structure, because the fraction of totatleamomentum carried
by electrons is negligible, but it determines the brightness of optically-thiohsgtron emission
for a given magnetic field strength. The electrons accelerated at thk ekperience adiabatic
and synchrotron energy losses as they are advected downstreamenpthgma flow. The spectral
evolution caused by these losses is calculated as in Ref. [61]. Finally,mih the nonthermal
electron distribution and the magnetic field in a given shell of material behinfbtivard shock
have been determined, the synchrotron emission from that shell cathcloéated [62]. The total
radio emission along the line of sight is then obtained from full radiative feacgalculations that
include synchrotron self-absorption.

With the set of assumptions given above, the model has four free paranggteBy, niﬂj and
Niyj- While the producpo x ni5; is important for the intensity of optically-thin synchrotron emis-
sion, the CSM density normalizatig also determines the level of free-free absorption. The main
effect of changindy is to shift the radio light curves in time, because the turn-on from optically-
thick to optically-thin synchrotron emission is delayed when the magnetic fieldnsased. The
proton injection paramateqiﬂj determines the shock structure and hence influences the shape of
the electron spectrum.

Calculated radio light curves are shown in Fig. 1 figr= 1.8 x 1071° g cm 3, By = 400 G,
and two sets of injection parameter;#j = ni‘;j = 107" (test-particle case), anﬁﬁj =2x10*and
niﬁj =1.4x 107°. We see that in the test-particle case, the decline of the optically-thin emission
with time is too slow as compared to the data, except at 0.3 cm. The CR-modifigd mtowvides
a better overall fit to the measured flux densities, although significanttaegdrom the data can
be observed. In particular, we see that the calculated light curve atOfalis short of the data
at this wavelength. It is possible that the deviations of the best-fit curopsthe data partly arise
from the approximations used in the DSA model of Ref. [14], in which thélmemal phase-space
distribution functionf (p) is described as a three-component power law. But it is also possible that
it tells us something about the magnetic field evolution in the downstream regiobe.sgatial
distribution of the postshock magnetic field will be studied in Ref. [58] by campacalculated
synchrotron profiles with the observed average profile of the radib she

For SN 1993J, the main effect of the CR pressure is to reduce the caigoreatio of the
subshockr sy, Whereas the overall compression ratig remains nearly constant (see above). For
niﬁj = 2x 1074, rgypis found to decrease from 3.58 to 3.35 between day 10 and day 3100 after
outburst, whereas; stays between 4 and 4.04. Such a shock modification affects essentially the
particles of energies: myc? that remain in the vicinity of the subshock during the DSA process.
Thus, we see in Fig. 2 that the increasenﬁ]‘ from 107° to 2x 10~* steepens the phase-space dis-
tribution functionsf (p) of both protons and electrons between their thermal Maxwell-Boltzmann
distributions and- 1 GeV, as the spectral index in this energy domei, = 3rsup/ (rsup— 1) with
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Figure2: Calculated postshock phase space distribution functiim, vs. kinetic energy, at day 100 after
shock breakout. Following Ref. [14f,p) has been multiplied bjp/(myc)]* to flatten the spectra, and by
[((mpe)3/ny] to make them dimensionlessi{ is the proton mass ang, the proton number density ahead of
the shock precursor). The red lines are for protons and dekliihes for electrons. The two sets of injection
parameterss)if]j andni‘;j are those used for the synchrotron calculations shown inlFig

f(p) O p~%w [14], increases with decreasimg,, The radio light curves provide clear evidence
that the spectral index of the nonthermal electrons below 1 GeV is highetiteatrong-shock test-
particle valuegs,p, = 4. For the preferred injection parametqﬁ =2x10"* andni‘;"1j =14x1075,

the calculated electron-to-proton ratio at, e.g., 10 GeRgjs= 7.8 x 104 atty = 100 days (Fig. 2)
andKep = 6.3 x 10~ atty = 3100 days. These values are roughly consistent with — but slightly
lower than — those recently estimated for the blast wave of Tycho's 8jRy 103 [30].

The immediate postshock magnetic field obtained in this wBgks 400 x td‘1 G is in very
good agreement with the mean field in the synchrotron-emitting region préyiesismated by
Fransson & Bjornsson [55]B) ~ 370x td‘l G. As already pointed out by Bell & Lucek [9], the
derived magnetic field strength in the forward shock precursor is densisith a simple estimate
based on nonlinear magnetic field amplification driven by the pressureegtad accelerated par-
ticles. Forny, = 2x 1074, the ratio of the mean magnetic energy density in the shock precursor to
the energy density in CR protons is found to slightly decrease from 0.6 tee@febn day 10 and
day 3100 after outburst [58]. It is interesting that the magnetic field sineagrery close to that
given by equipartition.

As also pointed out in Ref. [9], CRs were probably accelerated to vigly énergies in
SN 1993J short after shock breakout. The maximum proton erigygy is expected to be limited
by the spatial extend of the shock, because high-energy particlesidiffupstream far enough
from the shock front can escape from the acceleration region. Thaslisitation can be esti-
mated by assuming the existence of an upstream free escape boun@aeg lacsome constant
fraction fesc Of the shock radiusdreg = fesd's. The maximum energy that particles can acquire
before reaching this boundary is then obtained by equatlig to the upstream diffusion length,
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Figure 3: Estimated maximum proton energy in SN 1993J as a functioimnef &fter shock breakouE oy,

and ESZ¢ are the maximum energies caused by the finite shock age amdrespectively. The resulting
maximum proton energysflid lin€) is the minimum of these two quantities.

| ~ k/Vs (e.g. [31]). Calculated time evolution & max is shown in Fig. 3 forfesc= 0.05 (see,
e.g., [57]) andnx = 3 (see eq. 2.5 and, e.g., [23]). We see that the maximum energy caused by
the particle escap&328 (O fesd1x 1), becomes rapidly lower than the maximum energy associated
with the shock ageEqax (O nc 1), which is obtained by time integration of the acceleration rate
(dE/dt)acc from an initial acceleration time assumed totpe- 1 day after outburst. The resulting
maximum proton energy (i.e. the minimumB§ZS andESYy) is significantly lower than the previ-
ous estimate of Ref. [9E, max~ 3 x 10" eV. Moreover, we did not take into account the nonlinear
effects recently pointed out by Ellison & Vladimirov [31], which could funtheduceE, max. How-

ever, SN 1993J may well have accelerated protons above the knggy endr< 10*° eV (Fig. 3),
which provides support to the scenario first proposed by Vélk & BiernjéBhthat the highest-
energy Galactic CRs are produced by massive stars exploding into theiviod. In this context,

it is instructive to estimate the total energy acquired by the CR particles duenggitty phase of
interaction between the SN ejecta and the red supergiant wind:

Ecr & /t 31:)05(;R(t) X % pcsm(rs)VE x 4mr2dt = 6.8 x 10° erg, (4.2)
=
whereecg(t) is the time-dependent fraction of total incoming energy fRxrs) = 0.5pcsm(rs)Ve,
going into CR particles. With the best-fit parameters obtained from the radioclighes,ecr(t)

is found to slowly increase from 12% to 16% between day 10 and day 31@0catburst. It

is remarkable that the value obtained &R is very close to the mean energy per SN required
to account for the Galactic CR luminosity 7.5 x 10*° erg (see Sect. 1), which suggests that
SN 1993J might be typical of the SNe that produce the CR population in auGalaxy.
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5. Conclusions

Observations of young shell-type SNRs with tBeandraand XMM-NewtonX-ray space
observatories give more credit to the current paradigm that the bulklet@c CRs are accelerated
in shock waves generated by SN explosions. Evidence is accumulatiggssung that acceleration
in SN shocks can be nearly as fast as the Bohm limit and that self-excitedence in the shock
vicinity can strongly amplify the ambient magnetic field, thus allowing the acceleraficCR
ions to energies above 10eV. Besides, observations of nonlinear effects caused by effici®At D
support the fact that the acceleration efficiency can be high enougltaaiat for the Galactic CR
luminosity. But the direct and unambiguous observation of ion accelerati®N ishocks remains
uncertain, as it is difficult at the present time to distinguish between pioryagewhIC scattering
as the main mechanism responsable for the very-high-enyeray emission detected with ground-
based atmospheric Cerenkov telescopes from several shell-type ENIRsving Refs. [46, 47] |
have argued, however, that the TgVays emitted in RX J1713.7-3946 and RX J0852.0-4622 are
probably produced by ultrarelativistic electrons, via IC scattering offBCllptical-starlight and
infrared photons. One of the most critical ingredients for the interpretafidinese observations
is the evolution of the postshock magnetic field in the downstream region ¢ee3% Hopefully,
the upcoming GLAST satellite (launch scheduled for May 2008) will allow arétintification of
the contributions of hadronic and electromicay emission processes in SNRs, which in turn will
be useful to understand the importance of magnetic field damping behinderdoshock.

Radio observations of extragalactic SNe can also shed light on the D$Ag%0The impres-
sive set of radio data available for SN 1993J make this object a uniqueatabpto study particle
acceleration in a SN shock. Using a semianalytic model of nonlinear DSA taiexpe radio light
curves, the results | have obtained suggest, in particular, that the ratimeieof ions has become
efficient soon after outburst and that the magnetic field in the forwarckskioinity has been am-
plified to equipartition with the CR energy density. The field amplification implies tRapftons
may have been accelerated to energies abovd@®° eV during the early phase of interaction
between the SN ejecta and the red supergiant wind lost from the progstaitoDuring this time,
which lasted only~8.5 years, the shock processed in the expansion a total enerdy>018°° erg
and the mean acceleration efficiency was found tedpe= 15%. Thus, a total energy of almost
7 x 10 erg has been stored up by CR particles during this phase. A signifieaiofn of this
energy might have escaped into the interstellar medium after@&4¥0, when the shock started
to expand into a more diluted CSM.

The results obtained for SN 1993J suggest that massive stars expioidirsgwind environ-
ment could be a major source of Galactic CRs, as first proposed by VoélleBrann [63]. It is
well known that most massive stars are born in OB associations, whidgigygormes superbub-
bles of hot and turbulent gas inside which the majority of core-collapseeSNede. Turbulent
re-acceleration inside superbubbles may modify the spectrum of CRénapalticular, increase
their maximum energy (see [64] and references therein).
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