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Galactic cosmic rays are widely believed to be accelerated in expanding shock waves initiated

by supernova explosions. The theory of diffusive shock acceleration of cosmic rays is now well

established, but two fundamental questions remain partly unanswered: what is the acceleration

efficiency, i.e. the fraction of the total supernova energy converted to cosmic-ray energy, and what

is the maximum kinetic energy achieved by particles accelerated in supernova explosions? Re-

cent observations of supernova remnants, in X-rays with theChandraandXMM-Newtonsatellites

and in very-high-energyγ rays with several ground-based atmospheric Cerenkov telescopes, have

provided new pieces of information concerning these two questions. After a review of these obser-

vations and their current interpretations, I show that complementary information on the diffusive

shock acceleration process can be obtained by studying the radio emission from extragalactic su-

pernovae. As an illustration, a nonlinear model of diffusive shock acceleration is applied to the

radio light curves of the supernova SN 1993J, which explodedin the nearby galaxy M81. The

results of the model suggest that most of the Galactic cosmicrays may be accelerated during the

early phase of interaction between the supernova ejecta andthe wind lost from the progenitor star.
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1. Introduction

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

LCR = Lγ
xγ

x
∼ 5×1040 erg s−1, (1.1)

whereLγ ∼ 5× 1039 erg s−1 is the total luminosity of diffuse high-energy (> 100 MeV) γ rays
emitted in the decay ofπ0 produced by CR interaction with the interstellar medium (ISM),xγ ∼
120 g cm−2 is the mean grammage needed for a CR ion to produce aπ0 in the ISM andx ∼
12 g cm−2 is the mean path length that CRs traverse before escaping the Galaxy, whichis deter-
mined from measurements of the CR chemical composition near Earth. In comparison, the total
power supplied by Galactic supernovae (SNe) is

LSN = ESNRSN ≈ 1042 erg s−1, (1.2)

whereESN ≈ 1.5× 1051 erg is the approximate total ejecta kinetic energy of a SN andRSN ≈ 2
per century is the current epoch Galactic SN rate [3]. Thus, SNe have enough power to sustain
the CR population against escape from the Galaxy and energy losses, if there is a mechanism for
channeling∼ 5% of the SN mechanical energy release into relativistic particles.

Diffusive shock acceleration (DSA) at the blast waves generated by SN explosions can in
principle produce the required acceleration efficiency, as well as the observed power-law spectrum
of CRs [4 – 7]. In this model, a fraction of ambient particles entering the SN shock front can be
accelerated to high energies during the lifetime of a supernova remnant (SNR) by diffusing back
and forth on compressive magnetic fluctuations of the plasma flow on both sides of the shock. A
critical ingredient of the theory is the strength of the turbulent magnetic field inthe shock accelera-
tion region, which governs the acceleration rate and in turn the maximum energy of the accelerated
particles. If the turbulent field upstream of the SN shock is similar to the preexisting field in the
surrounding ISM (B∼ 5 µG), the maximum total energy of an ion of chargeZ was estimated 25
years ago to be (for a quasi-parallel shock geometry)Emax ∼ 1014Z eV [8]. But in more recent
developments of the DSA theory, it is predicted that large-amplitude magnetic turbulence is self-
generated by streaming of accelerated particles in the shock region, suchthat the ambient magnetic
field can be strongly amplified as part of the acceleration process [9 – 11]. In this case, protons
might be accelerated in SNRs up to 3×1015 eV, i.e. the energy of the spectral "knee" above which
the measured all-particle CR spectrum shows a significant steepening. Contributions of accelerated
α -particles and heavier species might then explain the existing CR measurementsup to∼1017 eV
[12]. Above energies of 1018–1019 eV, CRs are probably of extragalactic origin.

Another uncertain parameter of the DSA model is the fraction of total shocked particles in-
jected into the acceleration process. Although theoretical progress has been made in recent years
[13], the particle injection and consequently the acceleration efficiency are still not well known.
However, theory predicts that for efficient acceleration the energy density of the relativistic nuclear
component can become comparable to that of the postshock thermal component, in which case the
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backreaction of energetic ions can significantly modify the shock structureand the acceleration
process can become highly nonlinear (e.g. [14]). In particular, the compression ratio of a CR-
modified shock is expected to be higher than for a test-particle shock (i.e. when the accelerated
particles have no influence on the shock structure). This is because of both the softer equation of
state of a relativistic (CR) gas and the energy loss due to escape of accelerated particles from the
shock region [15]. Moreover, the temperature of the shock-heated gas can be reduced if a signifi-
cant fraction of the total available energy of the shock goes into relativisticparticles. Observations
of these nonlinear effects [16 – 18] provide indirect evidence for the efficient acceleration of ions
in SN shock waves.

The acceleration of electrons in SNRs leaves no doubt, since we observethe nonthermal syn-
chrotron emission that these particles produce in the local magnetic field. Radio synchrotron radi-
ation, which in SNRs is emitted by GeV electrons, was discovered in the 1950’s. More recent is
the observation of X-ray synchrotron emission from young shell-type SNRs [19], which is due to
electrons accelerated to very high energies,Ee >1 TeV. Thanks to the extraordinary spectroscopic-
imaging capabilities of theXMM-NewtonandChandraX-ray observatories, this nonthermal emis-
sion can now be studied in great details and recent observations of SNRswith these satellites have
shed new light on the DSA rate and the maximum energy of the accelerated particles. This is the
subject of Section 2.

In Section 3, we discuss the origin of the TeVγ-ray emission observed from a handful of shell-
type SNRs with atmospheric Cerenkov telescopes. For some objects, the detectedγ-rays have been
explained as resulting fromπ0 production in nuclear collisions of accelerated ions with the ambient
gas. If this were true, this high-energy emission would be the first observational proof that CR ions
are indeed accelerated in SN shock waves. However, the origin of the TeV γ-rays emitted in SNRs
is still a matter of debate, because at least in some cases the high-energy photons can also be
produced by inverse Compton scattering of cosmic-microwave-background photons (and possibly
optical and infrared interstellar photons) by ultrarelativistic electrons.

In Section 4, we show that radio observations of extragalactic SNe can provide complementary
information on the DSA mechanism. As an example, we use a semianalytic description of nonlinear
DSA to model the radio light curves of SN 1993J. We choose this object because the set of radio
data accumulated over the years [20] constitutes one of the most detailed setsof measurements ever
established for an extragalactic SN in any wavelength range. We derive from these data constraints
on the magnetic field strength in the environment of the expanding SN shock wave, the maximum
energy of the accelerated particles, as well as on the fractions of shocked electrons 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 shock-heated gas, a grow-
ing number of SNRs show nonthermal, featureless emission presumably produced by ultrarelativis-
tic electrons in the blast wave region via a synchrotron process. High-angular resolution observa-
tions made with theChandraandXMM-NewtonX-ray observatories have revealed very thin rims
of nonthermal emission associated with the forward shock. In several cases, like SN 1006 [19]
and G347.3-0.5 [21], the synchrotron component completely dominates the thermal X-ray emis-
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sion. The measured power-law spectral index of the X-ray synchrotron radiation is always much
steeper than that of the nonthermal radio emission, which is consistent with expectation that the
X-ray domain probes the high-energy end of the accelerated electron distribution. The comparison
of radio and X-ray fluxes allows to determine the exponential cutoff (maximum)frequency of the
synchrotron emission,νc, which is related to the maximum energy of the accelerated electrons and
the ambient magnetic field as (e.g. [22])

νc = 1.26×1016
(

Ee,max

10 TeV

)2( B
10 µG

)

Hz. (2.1)

Diffusive shock acceleration can only occur for particles whose acceleration rate is higher than
their energy loss rate in the acceleration region. The maximum electron energy, Ee,max, can be
estimated by equating the synchrotron cooling time (e.g. [23]),

τsyn(Ee,max) =
Ee,max

(dE/dt)syn
∝ E−1

e,maxB
−2, (2.2)

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

τacc(Ee,max) =
Ee,max

(dE/dt)acc
∼ κ (Ee,max)

V2
s

, (2.3)

where(dE/dt)acc and κ (Ee,max) are the acceleration rate and mean spatial diffusion coefficient
of the electrons of energyEe,max in the blast wave region andVs is the shock speed. We have
neglected here the dependence ofτacc on the shock compression ratio (see [23]). The value of
κ (Ee,max) depends on the strength and structure of the turbulent magnetic field. The DSA theory
predicts that CRs efficiently excite large amplitude magnetic fluctuations upstream of the forward
shock and that these fluctuations scatter CRs very efficiently [6, 9 – 11].It is therefore generally
assumed that the spatial diffusion coefficient is close to the Bohm limit:

κ >∼ κB =
rgv

3
, (2.4)

wherev is the particle speed andrg=pc/(QeB) the particle gyroradius,p being the particle mo-
mentum,c the speed of light,Q the charge number (Q = 1 for electrons and protons), and−e the
electronic charge. Note that for ultrarelativistic electrons,κB = rgc/3 ∝ EeB−1. Equating equa-
tions (2.2) and (2.3) and using equation (2.1) to expressEe,max as a function ofB andνc, we can
write the ratio of the electron diffusion coefficient at the maximum electron energy to the Bohm
coefficient as:

ηκ =
κ (Ee,max)

κB
∝ V2

s ν−1
c . (2.5)

Thus, measurements ofVs andνc can allow to deriveηκ without knowing the ambient magnetic
field. Using this result, several recent studies [22 – 25] have shown that there are regions in young
(t < 104 yr) SNRs whereacceleration occurs nearly as fast as the Bohm theoretical limit(i.e.
1 < ηκ < 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 be derived from the
thickness of the nonthermal X-ray rims observed in young SNRs (e.g. [26, 27, 23]). One of the two
interpretations that have been proposed to explain the thin X-ray filaments is that they result from
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fast synchrotron cooling of ultrarelativistic electrons transported downstream of the forward shock.
In this scenario, the width of the filaments is set by the distance that the electrons cover before
their synchrotron emission falls out of the X-ray band. The electron transport in the downstream
region is due to a combination of diffusion and advection, whose corresponding scale heights are
[27] ldiff =

√κτsyn ∝ B−3/2 (see eqs.[2.2] and [2.4]) andladv = τsynVs/rtot ∝ B−3/2E−1/2
X Vs/rtot,

respectively. Here,rtot is the overall compression ratio of the shock andEX ∼ 5 keV is the typical
X-ray energy at which the rims are observed. Thus, by comparingldiff and ladv to the measured
width of the X-ray filaments (e.g.lobs≈ 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 methodto Chandraand
XMM-Newtonobservations of young SNRs have shown thatthe magnetic field at the forward shock
is amplified by about two orders of magnitudeas compared with the average Galactic field strength.
This conclusion has been recently strengthened by the observations of rapid time variations (∼1 yr)
in bright X-ray filaments of the SNR RXJ1713.7-3946 (also named G347.3-0.5), which are inter-
preted as resulting from fast synchrotron cooling of TeV electrons in a magnetic field amplified to
milligauss levels [28]. Such a high magnetic field is likely the result of a nonlinearamplification
process associated with the efficient DSA of CRs [9 – 11].

The other interpretation that has been proposed to account for the thin X-ray filaments is that
they reflect the spatial distribution of the ambient magnetic field rather than the spatial distribution
of the ultrarealtivistic electrons [29]. In this scenario, the magnetic field is thought to be amplified
at the shock as well, but the width of the X-ray rims is not set byldiff andladv, but by the damping
length of the magnetic field behind the shock. In this case, the relation given above between the rim
thickness and the downstream magnetic field would not be valid. Comparison of high-resolution
X-ray and radio images could allow to distinguish between the two interpretations, because the
synchrotron energy losses are expected to be relatively small for GeV electrons emitting in the
radio band [26]. Thus, if the X-ray filaments are due to rapid synchrotron cooling of TeV electrons,
the same structures should not be seen in radio images. A recent detailed study of Tycho’s SNR
has not allowed to draw firm conclusions on the role of magnetic damping behind the blast wave
[30]. Further high-resolution observations of SNRs in radio wavelengths would be very useful.

The findings that (1) DSA can proceed at nearly the maximum possible rate (i.e. the Bohm
limit) and (2) the magnetic field in the acceleration region can be strongly amplified,suggest that
CR ions can reach higher energies in SNR shocks than previously estimatedby Lagage & Cesarsky
[8]. Thus, Berezhko & Völk [12] have argued that protons can be accelerated in SNRs up to the
energy of the knee in the CR spectrum, at 3×1015 eV. But relaxing the assumption of Bohm diffu-
sion used in the calculations of Berezhko & Völk, Parizot et al. [23] haveobtained lower maximum
proton energies for five young SNRs. These authors have derived an upper limit of∼ 8×1014 eV
on the maximum proton energy,Ep,max, and have suggested that an additional CR component is
required to explain the CR data above the knee energy. Recently, Ellison & Vladimirov [31] have
pointed out that the average magnetic field that determines the maximum proton energy can be
substantially less than the field that determines the maximum electron energy. Thisis because
electrons remain in the vicinity of the shock where the magnetic field can be strongly amplified,
whereas protons of energiesEp > Ee,max diffuse farther in the shock precursor region where the
field is expected to be weaker (Ep,max > Ee,max because radiation losses affect the electrons only).
This nonlinear effect of efficient DSA could reduceEp,max relative to the value expected from test-
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particle acceleration. Nonetheless, recent calculations ofEp,max in 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-energyγ rays from six shell-type
SNRs: Cas A with HEGRA [33] and MAGIC [34], RX J1713.7-3946 with CANGAROO [35] and
HESS [36], RX J0852.0-4622 (Vela Junior) with CANGAROO-II [37] and HESS [38], RCW 86
with HESS [39], IC 443 with MAGIC [40], and very recently SN 1006 in deep HESS observations
[41]. In addition, fourγ-ray sources discovered in the Galactic plane survey performed with HESS
are spatially coincident with SNRs [42].

With an angular resolution of∼ 0.06◦ for individual γ rays [36, 38], HESS has provided
detailed images above 100 GeV of the extended SNRs RX J1713.7-3946 andRX J0852.0-4622
(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 of theγ-ray emission and the
morphology previously observed in X-rays. For both objects the X-ray emission is completely
dominated by nonthermal synchrotron radiation. The similarity of theγ-ray and X-ray images
thus suggest that the high-energy emission might also be produced by ultrarelativistic electrons,
via inverse Compton (IC) scattering off cosmic-microwave-background (CMB), optical-starlight
and infrared photons. Theγ-ray radiation would then be produced by electrons of energy (in the
Thompson limit)

Ee ∼
(

3
4

Eγ

E⋆

)1/2

mec
2, (3.1)

whereE⋆ is the typical energy of the seed photons,Eγ is the average final energy of the upscattered
photons andme is the electron mass. For the CMB, whose contribution to the total IC emis-
sion of SNRs generally dominates,E⋆ ∼ 3kTCMB = 7.1× 10−4 eV (k is the Boltzmann constant
and TCMB = 2.73 K). Significantγ-ray emission beyondEγ = 30 TeV has been detected from
RX J1713.7-3946 [36]. Thus, an IC origin for the high-energy emissionwould imply that elec-
trons are accelerated to more than 90 TeV in this object. In more accurate calculations that take
into account the contributions of the optical and infrared interstellar radiation fields, the maximum
electron energy is found to beEe,max∼ 15–40 TeV [43]. This result is consistent with the value of
Ee,max derived from the width of X-ray filaments in RX J1713.7-3946,Ee,max = 36 TeV [23].

Assuming that the same population of ultrarelativistic electrons produce both the observed
TeV γ-rays and nonthermal X-rays, the mean magnetic field in the interaction regioncan be readily
estimated from the ratio of synchrotron to IC luminosities:

Lsyn

LIC
=

UB

Urad
=

B2

8πUrad
, (3.2)

whereUB = B2/(8π) is the magnetic field energy density andUrad is the total energy density of
the seed photon field. WithUCMB ≈ 0.25 eV cm−3 for the CMB andUIR ≈ 0.05 eV cm−3 for
the interstellar infrared background (e.g. [44]), we haveUrad≈ 0.3 eV cm−3 (we neglect here the
contribution to the IC emission of the optical starlight background). Then, from the measured ratio
Lsyn/LIC ≈ 10 for RX J1713.7-3946 [44], we obtainB≈ 11 µG. This value is significantly lower
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than the downstream magnetic field estimated from the observed X-ray rims:B∼ 80 µG [23] (or
B > 65 µG in Ref. [45]). In other words, if the magnetic field in the electron interactionregion is
as high as derived from the width of the X-ray filaments, IC radiation cannot account for the TeV
γ-ray data.

The magnetic field amplification is the main argument to favor a hadronic origin forthe high-
energyγ rays produced in RX J1713.7-3946 and other SNRs [45]. The shape of the measuredγ-ray
spectrum below∼1 TeV has also been used to advocate that the high-energy emission might not
be produced by IC scattering [44], but the IC calculations of Ref. [43]reproduce the broadband
emission of RX J1713.7-3946 reasonably well. In the hadronic scenario,the TeVγ rays are due
to nuclear collisions of accelerated protons and heavier particles with ambient ions, which produce
neutral pionsπ0 that decay in 99% of the cases into two photons with energies of 67.5 GeV each
in the π0 rest frame (2×67.5 GeV is theπ0 mass). At TeV energies in the observer rest frame,
the spectrum of theπ0-decayγ rays essentially reproduces, with a constant scaling factor, the one
of the parent ultrarelativistic particles. The accelerated proton energiescan be estimated from the
γ-ray spectrum asEp ∼ Eγ/0.15 [36]. The detection ofγ rays withEγ > 30 TeV in RX J1713.7-
3946 thus implies that protons are accelerated to more than 200 TeV, which is still about an order
of magnitude below the energy of the knee.

However, the hadronic scenario is problematic for RX J1713.7-3946. Due to the lack of ther-
mal X-ray emission, the remnant is thought to expand mostly in a very diluted mediumof density
n < 0.02 cm−3 [21]. It is likely that the SN exploded in a bubble blown by the wind of the progen-
itor star. The flux ofγ rays produced by pion decay is proportional to the product of the number
of accelerated protons and the ambient medium density. Thus, the total energy contained in CR
protons would have to be large to compensate the low density of the ambient medium. From the
γ-ray flux measured with HESS from the center of the remnant, Plaga [46] has recently estimated
that the total CR-proton energy would have to be> 4×1051 erg! Katz & Waxman [47] also argue
against a hadronic origin for the TeV emission from RX J1713.7-3946. They show that it would re-
quire that the CR electron-to-proton abundance ratio at a given relativistic energyKep

<∼ 2×10−5,
which is inconsistent with the limit they derived from radio observations of SNRs in the nearby
galaxy M33,Kep

>∼ 10−3. Moreover, radio and X-ray observations of RX J1713.7-3946 suggest
that the blast wave has recently hit a complex of molecular clouds located in thewestern part of the
remnant [21]. The ambient medium density in this region has been estimated to be∼ 300 cm−3.
In the hadronic scenario, a much higherγ-ray flux would be expected in this direction, contrary
to the observations [46]. Thus, theγ-ray morphology revealed by HESS practically rules out pion
production as the main contribution to the high-energy radiation of RX J1713.7-3946.

But then, why the magnetic field given by the ratio of synchrotron to IC luminosities (eq. [3.2])
is inconsistent with the field derived from the X-ray filaments? This suggeststhat the filamentary
structures observed withChandraandXMM-Newtonare localized regions where the magnetic field
is enhanced in comparison with the mean downstream field [47]. It is possiblethat the magnetic
field is amplified at the shock as part of the nonlinear DSA process, but then rapidly damped behind
the blast wave [29]. The mean field downstream the shock would then not be directly related to the
observed thickness of the X-ray rims.

Although the unambiguous interpretation of the TeV observations of shell-type SNRs remains
uncertain, the high-energyγ-ray 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 hadronic origin of the TeV radiation
may be more compelling, as the density of the ambient medium is higher [26]. The new source
MAGIC J0616+225 [40] which is spatially coincident with IC 443 may also be produced by pion
decay. IC 443 is one of the best candidates for aγ-ray source produced by interactions between
CRs accelerated in a SNR and a nearby molecular cloud [48]. Hopefully theupcomingGLAST
satellite will allow a clear distinction between hadronic and electronicγ-ray processes in these ob-
jects. With the expected sensitivity of the LAT instrument between 30 MeV and 300 GeV,GLAST
observations of SNRs should differentiate between pion-decay and IC spectra [49].

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

About 30 extragalactic SNe have now been detected at radio wavelengths1. In a number of
cases, the radio evolution has been monitored for years after outburst. It is generally accepted
that the radio emission is nonthermal synchrotron radiation from relativistic electrons accelerated
at the SN shock wave [50]. At early epochs the radio flux can be strongly attenuated by free-
free absorption in the wind lost from the progenitor star prior to the explosion. Synchrotron self-
absorption can also play a role in some objects [51]. The radio emission fromSNe can provide
unique information on the physical properties of the circumstellar medium (CSM) and the final
stages of evolution of the presupernova system [52]. We show here that this emission 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 a distance of 3.63±
0.34 Mpc, is one of the brightest radio SNe ever detected (see [20] and references therein). Very
long baseline interferometry (VLBI) imaging has revealed a decelerating expansion of a shell-like
radio source, which is consistent with the standard model that the radio emission arises from a
region behind the forward shock propagating into the CSM. The expansion has been found to be
self-similar [53], although small departures from a self-similar evolution have been reported [54].
The velocity of the forward shock can be estimated from the measured outerradius of the radio
shell, i.e. the shock radiusrs, asVs = drs/dt = 3.35×104 t−0.17

d km s−1, wheretd is the time after
shock breakout expressed in days.

Extensive radio monitoring of the integrated flux density of SN 1993J has been conducted with
the Very Large Array and several other radio telescopes [20]. Figure 1 shows a set of measured
light curves at 0.3 cm (85–110 GHz), 1.2 cm (22.5 GHz), 2 cm (14.9 GHz), 3.6 cm (8.4 GHz),
6 cm (4.9 GHz), and 20 cm (1.4 GHz). We see that at each wavelength the flux density first
rapidly increases and then declines more slowly as a power in time (the data at 0.3 cm do not
allow to clearly identify this behavior). The radio emission was observed to suddenly decline
after day∼3100 (not shown in Fig. 1), which is interpreted in terms of an abrupt decrease of the
CSM density at radial distance from the progenitorr ∼ 3×1017 cm [20]. The maximum intensity
is reached first at lower wavelengths and later at higher wavelengths, which is characteristic of
absorption processes. For SN 1993J, both free-free absorption in the CSM and synchrotron self-
absorption are important [51, 55, 20]. To model light curves of radio SNe, Weiler et al. [52, 20]
have developed a semi-empirical formula that takes into account these two absorption 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 20 cm. The dotted blue lines represent
the best fit semi-empirical model of Ref. [20]. The dashed red(resp. solid green) lines show results of the
present model forη p

inj = η e
inj = 10−5 (resp. η p

inj = 2×10−4 andη e
inj = 1.4×10−5; see text). The data are

from Ref. [20] and references therein.

For SN 1993J, the best fit to the data using this semi-empirical model (dotted blue curvesin Fig. 1)
requires nine free parameters [20].

I have developed a model for the radio emission of SN 1993J, which is inspired by previous
works on the morphology of synchrotron emission in young SNRs [56, 57]. The model will be
presented in detail in a forthcoming publication [58] and I only give here broad outlines. First,
the density profile for the CSM is taken asρCSM(r) = ρ0(r/r0)

−2 as expected for a constant wind
mass-loss rate and terminal velocity. Herer0 = 3.49×1014 cm is the shock radius att = 1 day after
outburst andρ0 is a free parameter. Evidence for a flatter CSM density profile has been advocated
(ρCSM ∝ r−s, with s∼ 1.6; see [20] and references therein), based on the measured time dependence
of the optical depth to free-free absorption in the CSM,τff . However, Fransson & Björnsson [55]
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have shown that the time evolution ofτff can be explained by a decrease of the CSM temperature
with r together with the standardr−2 distribution for the density. The results of the present work
provide support to this latter interpretation [58]. Thus, in the present model, free-free absorption is
calculated assuming the time dependence ofτff obtained in Ref. [55] and using the best-fit value of
ρ0 (or more preciselyρ2

0) as a normalization factor.

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

〈B〉 = (46±19)α−2/9t−1.01±0.09
d G, (4.1)

whereα is the ratio of the total energy density in relativistic electrons to the magnetic energy
density. The errors include the uncertainty in the contribution of free-free absorption. This time
dependence of〈B〉 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]). In this case, one expectsB2/8π ∝
ρCSMV2

s , which givesB ∝ t−1 for ρCSM ∝ r−2. Note that the flatter CSM density profile supported
by Weiler et al. [20],ρCSM ∝ r−1.6, would imply for the assumed scalingB ∝ ρ1/2

CSMVs ∝ t−0.83,
which is somewhat inconsistent with the data.

Based on the measured time dependence of〈B〉, the immediate postshock magnetic field is
assumed to be of the formBd = B0t

−1
d , whereB0 is a free parameter expected to be in the range

∼100–600 G for a typical value ofα in the range∼10−5–10−2 (see eq. [4.1]). The evolution of
the magnetic field behind the shock is then calculated from the assumption that thefield is carried
by the flow, frozen in the plasma, so that the parallel and perpendicular magnetic field components
evolve conserving flux (see [56] and references therein). Results obtained with the alternative
assumption that the magnetic field is rapidly damped behind the shock wave will begiven in [58].

The hydrodynamic evolution of the plasma downstream the forward shock iscalculated from
the two-fluid, self-similar model of Chevalier [59], which takes into accountthe effects of CR
pressure on the dynamics of the thermal gas. The overall structure of SNRs can be described by
self-similar solutions, if the initial density profiles in the ejected material (ejecta) and in the ambient
medium have power-law distributions, and if the ratio of relativistic CR pressure to total pressure
at the shock front is constant [59]. The backreaction of energetic ions can strongly modify the
shock structure of young SNRs, such as e.g. Kepler’s remnant [15].But the situation is different
for SN 1993J because of the much higher magnetic field in the shock precursor region, which
implies that energy is very efficiently transfered from the CRs to the thermal gas via Alfvén wave
dissipation [14]. The resulting increase in the gas pressure ahead of theviscous subshock is found
to limit the overall compression ratio,rtot, to values close to 4 (i.e. the standard value for a test-
particle strong shock) even for efficient DSA. Thus, the hydrodynamicevolution of SN 1993J can
be safely calculated in the test-particle, self-similar approximation.

Both the energy spectra of the accelerated particles and the thermodynamic properties of the
gas just behind the shock front (i.e. the boundary conditions for the self-similar solutions of the
hydrodynamic evolution) are calculated with the semianalytic model of nonlinearDSA developed
by Berezhko & Ellison [14] and Ellison et al. [60]. However, a small change to the model has
been made: the Alfvén waves are assumed to propagate isotropically in the precursor region and
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not only in the direction opposite to the plasma flow (i.e. eqs. (52) and (53) ofRef. [14] are not
used). This is a reasonable assumption given the strong, nonlinear magnetic field amplification [9].
Although the semianalytic model strictly applies to plane-parallel, steady state shocks, it has been
sucessfully used in Ref. [60] for evolving SNRs. The main parameter of this model,η p

inj , is the
fraction of total shocked protons in protons with momentump≥ pinj injected from the postshock
thermal pool into the DSA process. The work of Ref. [13] allows us to accurately relate the injection
momentumpinj to η p

inj . Similarly, we defineη e
inj for the electron injection. The latter parameter

is not important for the shock structure, because the fraction of total particle momentum carried
by electrons is negligible, but it determines the brightness of optically-thin synchrotron emission
for a given magnetic field strength. The electrons accelerated at the shock experience adiabatic
and synchrotron energy losses as they are advected downstream with the plasma flow. The spectral
evolution caused by these losses is calculated as in Ref. [61]. Finally, once both the nonthermal
electron distribution and the magnetic field in a given shell of material behind theforward shock
have been determined, the synchrotron emission from that shell can be calculated [62]. The total
radio emission along the line of sight is then obtained from full radiative transfer calculations that
include synchrotron self-absorption.

With the set of assumptions given above, the model has four free parameters: ρ0, B0, η p
inj and

η e
inj . While the productρ0×η e

inj is important for the intensity of optically-thin synchrotron emis-
sion, the CSM density normalizationρ0 also determines the level of free-free absorption. The main
effect of changingB0 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 field is increased. The
proton injection paramaterη p

inj determines the shock structure and hence influences the shape of
the electron spectrum.

Calculated radio light curves are shown in Fig. 1 forρ0 = 1.8×10−15 g cm−3, B0 = 400 G,
and two sets of injection parameters:η p

inj = η e
inj = 10−5 (test-particle case), andη p

inj = 2×10−4 and
η e

inj = 1.4×10−5. 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-modified shock provides
a better overall fit to the measured flux densities, although significant deviations from the data can
be observed. In particular, we see that the calculated light curve at 0.3 cm falls short of the data
at this wavelength. It is possible that the deviations of the best-fit curves from the data partly arise
from the approximations used in the DSA model of Ref. [14], in which the nonthermal 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 region. The spatial
distribution of the postshock magnetic field will be studied in Ref. [58] by comparing calculated
synchrotron profiles with the observed average profile of the radio shell.

For SN 1993J, the main effect of the CR pressure is to reduce the compression ratio of the
subshock,rsub, whereas the overall compression ratiortot remains nearly constant (see above). For
η p

inj = 2× 10−4, rsub is found to decrease from 3.58 to 3.35 between day 10 and day 3100 after
outburst, whereasrtot stays between 4 and 4.04. Such a shock modification affects essentially the
particles of energies< mpc2 that remain in the vicinity of the subshock during the DSA process.
Thus, we see in Fig. 2 that the increase ofη p

inj from 10−5 to 2×10−4 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 domain,qsub= 3rsub/(rsub−1) with
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Figure 2: Calculated postshock phase space distribution functions,f (p), vs. kinetic energy, at day 100 after
shock breakout. Following Ref. [14],f (p) has been multiplied by[p/(mpc)]4 to flatten the spectra, and by
[(mpc)3/nu] to make them dimensionless (mp is the proton mass andnu the proton number density ahead of
the shock precursor). The red lines are for protons and the black lines for electrons. The two sets of injection
parametersη p

inj andη e
inj are those used for the synchrotron calculations shown in Fig. 1.

f (p) ∝ p−qsub [14], increases with decreasingrsub. The radio light curves provide clear evidence
that the spectral index of the nonthermal electrons below 1 GeV is higher than the strong-shock test-
particle valueqsub= 4. For the preferred injection parametersη p

inj = 2×10−4 andη e
inj = 1.4×10−5,

the calculated electron-to-proton ratio at, e.g., 10 GeV isKep= 7.8×10−4 at td = 100 days (Fig. 2)
andKep = 6.3×10−4 at td = 3100 days. These values are roughly consistent with – but slightly
lower than – those recently estimated for the blast wave of Tycho’s SNR,Kep∼ 10−3 [30].

The immediate postshock magnetic field obtained in this work,Bd ≈ 400× t−1
d G is in very

good agreement with the mean field in the synchrotron-emitting region previously estimated by
Fransson & Björnsson [55],〈B〉 ≈ 370× t−1

d G. As already pointed out by Bell & Lucek [9], the
derived magnetic field strength in the forward shock precursor is consistent with a simple estimate
based on nonlinear magnetic field amplification driven by the pressure gradient of accelerated par-
ticles. Forη p

inj = 2×10−4, 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 to 0.5 between day 10 and
day 3100 after outburst [58]. It is interesting that the magnetic field strength is very close to that
given by equipartition.

As also pointed out in Ref. [9], CRs were probably accelerated to very high energies in
SN 1993J short after shock breakout. The maximum proton energyEp,max is expected to be limited
by the spatial extend of the shock, because high-energy particles diffusing upstream far enough
from the shock front can escape from the acceleration region. This size limitation can be esti-
mated by assuming the existence of an upstream free escape boundary located at some constant
fraction fesc of the shock radius:dFEB = fescrs. The maximum energy that particles can acquire
before reaching this boundary is then obtained by equallingdFEB to the upstream diffusion length,
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Figure 3: Estimated maximum proton energy in SN 1993J as a function of time after shock breakout.Eage
max

andEsize
max are the maximum energies caused by the finite shock age and size, respectively. The resulting

maximum proton energy (solid line) is the minimum of these two quantities.

l ∼ κ/Vs (e.g. [31]). Calculated time evolution ofEp,max is shown in Fig. 3 forfesc= 0.05 (see,
e.g., [57]) andηκ = 3 (see eq. 2.5 and, e.g., [23]). We see that the maximum energy caused by
the particle escape,Esize

max (∝ fescη−1
κ ), becomes rapidly lower than the maximum energy associated

with the shock age,Eage
max (∝ η−1

κ ), which is obtained by time integration of the acceleration rate
(dE/dt)acc from an initial acceleration time assumed to bet0 = 1 day after outburst. The resulting
maximum proton energy (i.e. the minimum ofEsize

max andEage
max) is significantly lower than the previ-

ous estimate of Ref. [9],Ep,max∼ 3×1017 eV. Moreover, we did not take into account the nonlinear
effects recently pointed out by Ellison & Vladimirov [31], which could further reduceEp,max. How-
ever, SN 1993J may well have accelerated protons above the knee energy of 3×1015 eV (Fig. 3),
which provides support to the scenario first proposed by Völk & Biermann[63] that the highest-
energy Galactic CRs are produced by massive stars exploding into their own wind. In this context,
it is instructive to estimate the total energy acquired by the CR particles during the early phase of
interaction between the SN ejecta and the red supergiant wind:

ECR
∼=

∫ 3100

td=1
εCR(t)× 1

2
ρCSM(rs)V

3
s ×4πr2

sdt = 6.8×1049 erg, (4.2)

whereεCR(t) is the time-dependent fraction of total incoming energy flux,F0(rs)∼= 0.5ρCSM(rs)V3
s ,

going into CR particles. With the best-fit parameters obtained from the radio light curves,εCR(t)
is found to slowly increase from 12% to 16% between day 10 and day 3100 after outburst. It
is remarkable that the value obtained forECR is very close to the mean energy per SN required
to account for the Galactic CR luminosity,≈ 7.5× 1049 erg (see Sect. 1), which suggests that
SN 1993J might be typical of the SNe that produce the CR population in our own Galaxy.
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5. Conclusions

Observations of young shell-type SNRs with theChandraand XMM-NewtonX-ray space
observatories give more credit to the current paradigm that the bulk of Galactic CRs are accelerated
in shock waves generated by SN explosions. Evidence is accumulating suggesting that acceleration
in SN shocks can be nearly as fast as the Bohm limit and that self-excited turbulence in the shock
vicinity can strongly amplify the ambient magnetic field, thus allowing the acceleration of CR
ions to energies above 1015 eV. Besides, observations of nonlinear effects caused by efficient DSA
support the fact that the acceleration efficiency can be high enough to account for the Galactic CR
luminosity. But the direct and unambiguous observation of ion acceleration inSN shocks remains
uncertain, as it is difficult at the present time to distinguish between pion decay and IC scattering
as the main mechanism responsable for the very-high-energyγ-ray emission detected with ground-
based atmospheric Cerenkov telescopes from several shell-type SNRs. Following Refs. [46, 47] I
have argued, however, that the TeVγ rays emitted in RX J1713.7-3946 and RX J0852.0-4622 are
probably produced by ultrarelativistic electrons, via IC scattering off CMB, optical-starlight and
infrared photons. One of the most critical ingredients for the interpretationof these observations
is the evolution of the postshock magnetic field in the downstream region (see Sect. 3). Hopefully,
the upcoming GLAST satellite (launch scheduled for May 2008) will allow a clear identification of
the contributions of hadronic and electronicγ-ray emission processes in SNRs, which in turn will
be useful to understand the importance of magnetic field damping behind the forward shock.

Radio observations of extragalactic SNe can also shed light on the DSA process. The impres-
sive set of radio data available for SN 1993J make this object a unique laboratory to study particle
acceleration in a SN shock. Using a semianalytic model of nonlinear DSA to explain the radio light
curves, the results I have obtained suggest, in particular, that the acceleration of ions has become
efficient soon after outburst and that the magnetic field in the forward shock vicinity has been am-
plified to equipartition with the CR energy density. The field amplification implies that CR protons
may have been accelerated to energies above 3× 1015 eV during the early phase of interaction
between the SN ejecta and the red supergiant wind lost from the progenitorstar. During this time,
which lasted only∼8.5 years, the shock processed in the expansion a total energy of 4.6×1050 erg
and the mean acceleration efficiency was found to beεCR = 15%. Thus, a total energy of almost
7×1049 erg has been stored up by CR particles during this phase. A significant fraction of this
energy might have escaped into the interstellar medium after day∼3100, when the shock started
to expand into a more diluted CSM.

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