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ABSTRACT

Aims. We theoretically and phenomenologically investigate thestjon whether the-ray emission from the remnants of the type la super-
novae SN 1006, Tycho’s SN and Kepler's SN can be the resuleofren acceleration alone.

Methods. The observed synchrotron spectra of the three remnantssaceto determine the average momentum distribution of eonth
mal electrons as a function of the assumed magnetic fieldgitreThen the inverse Compton emission spectrum in the @dslicrowave
Background photon field is calculated and compared with xistieg upper limits for the very high energyray flux from these sources.
Results. It is shown that the expected interstellar magnetic fieldstntially overpredict even theseray upper limits. Only rather strongly
amplified magnetic fields could be compatible with such tpway fluxes. However this would require a strong componerdaauklerated
nuclear particles whose energy density substantiallyedcéhat of the synchrotron electrons, compatible withtiexjgheoretical acceleration
models for nuclear particles and electrons.

Conclusions. Even though the quantitative arguments are simplistig; &ppear to eliminate simplistic phenomenological claimfior of

a inverse Compton-ray scenario for these sources.

Key words. (ISM:)cosmic rays — acceleration of particles — shock wavesipernovae individual (SN 1006, Tycho’'s SN, Kepler's SN) —
radiation mechanisms:non-thermal — gamma-rays:theory

1. Introduction the field fluctuations are excited by the accelerating pdagic

. . themselves and since the pressure of these particlesdtlypic
The question, whether the very high energy (VHIE), (> comparable with the thermal pressure) is reacting back en th

100 Ge\/_) 7-fay emission of the Galactic supernova remmmltﬁermal plasma, this strongly coupled system becomes a com-
(S.NRS) implies a sufficiently large production Qf nucleas-co plex problem of nonlinear dynamics, not only for the charged
tmhlc(r;ayls (tc.:Ré)R_ of f[he samfet;)]rdsr as thslt requw;;j to re;biin article components but also for the electromagnetic fiettl a

€ atac Ic STH 'S one C;W e key Trod erlns_tah tf:gsse;d t.its fluctuations. Models suggest that a sizeable fractiothef
ray astronomy. there are two ways 1o deal wi 'S questftire hydrodynamic explosion energy will be transfornred i

n trjr(er]|n\]:§st|gat|on ofhgn md;:/ldual-Sl\llR. | i energetic particle energy. This suggests that the SNRxare i
e first approach is a theoretical one. It uses a nonlinear, "« sources of the Galactic CRs.

combination of gas dynamics (or eventually magnetohydrody )

namics) for the thermal gas/plasma and kinetic transpedrh Both nuclear charged particles and electrons can be aeceler

for the collisionless, nonthermal relativistic partictngponent ated to achieve nonthermal momentum distributions. The ene

that is coupled with the plasma physics of the eIectromahgne@_etiC electron_s show thei.r presence through syn.chrotrdsu-em
field fluctuations which scatter these particles. In theremyi Sion from radio frequencies to hard X-ray energies. They may
ment of the collisionless shock wave of a supernova exphosiB'SO interact v_wth _dn‘fuse interstellar radiation field prh_ns,

this allows the description of diffusive shock acceleratifthe ke the Cosmic Microwave Background, to produce high en-
energetic particles which are originally extracted fromther- €9y y-rays in inverse Compton (IC) collisions. The injection

mal gas and thuijected into the acceleration process. sinc&f electrons into the acceleration process is however poor
derstood quantitatively. Even assuming that the electron m

Send offprint requests to: H.J. Volk mentum distribution at high particle energies is only prmepo
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tional to the total number of electrons injected per unitetinthe investigation of half a dozen gbung Galactic SNRs has
at the shock, the amplitude factor of the electron momentwhown that the nuclear CR productionis in all cases so higih th
distribution is therefore not known from theory. It is typily the Galactic SNRs are viable candidates for the Galactic CR
inferred from the measured synchrotron spectrum produgedgopulation up to particle energies 10'” eV, well above the
the accelerated electrons by assuming a mean strength ofshealled knee in the spectrum (Berezhko & Volk, 2007).rEve
magnetic field. This will be a key question in the discussibn though important details are open to debate because the time
this paper. dependent evolution of a point explosion can only be catedla
The injection of nuclear particles from the suprathermial tamumerically (Berezhko et al., 1996), we believe that thiste
of the momentum distribution produced in the dissipativicéh is quite a robust one.
transition is much better understood, because the same-mechHowever, from a strictly observational point of view, the
anism that produces scattering fluctuations for higherggne hadronic nature of most of the SNRray sources is not proven
nuclei — essentially a beam instability from the accelerate- this way. This might ultimately be possible in a direct way
clei that is so strong that asymptotically the particlestteca with a very sensitive neutrino detector. The remaining gues
along the mean field direction already after one gyro-periodion whether the Galactic CR population has a SNR origin then
also works at injection energies. In addition, where heawy i still requires the consistency of the observational remudt the
injection takes place_(Volk et al., 2003), it is to be expect theoretical picture.
that these ions dominate the nonthermal energy densitypdehi As far asy-ray observations are concerned, there is also
a strong shock like in a young SNR. Then the main nonli- different approach, basically phenomenological. It @ns
ear shock modification consists in a weakening of the quasis the question, whether and to which extent the hadronic
discontinuous part of the shock structure, associated aittor leptonic origin of the measureg-ray emission can be
broad shock precursor. Low energy particles — ions and elelecided by favoring either one mechanism at the expense
trons — in the accelerated spectrum are then only accederaté the other directly from the data. For example, it can ask
at this weaker subshock and this implies a significantlyesofthe question whether the necessarily limited dynamicajean
momentum spectrum at low energies than at high energies. Ttfi the observedy-ray emission allows a distinction between
physical effect is visible in the radio part of the electrgms a hadronic and a leptonic scenario. Or it can ask whether
chrotron spectrum and therefore a quantitative indicaifdhe observations in other wavelength ranges tend to empiyicall
degree of shock maodification. It provides a means to determicontradict the theoretically favored scenario of a predom-
the injection rate of nuclear particles, de facto of profdresm inantly nuclear energetic particle energy density. A possi
the radio synchrotron spectrum. In all cases, where the syfe topic consists in the interpretation of spatial cotiefzs
chrotron spectrum of SNRs was measured, this softening vilasresolved~-ray SNRs, like those noted in RX J1713.7-
observed. Together with the nonlinear theory of accelemati 3946 (Aharonian et al., 2006) and RX J0852.0-4622 (Vela Jr.)
and in the strong scattering limit, this determines the hent (Aharonian et all, 2007). The correlation of the hard X-nay-s
mal pressuré’., which turns out to be comparable with the kichrotron emission with the VHE-ray emission features might
netic pressurgV.? of the gas. Herd, andp denote the shock be considered to favor energetic electrons to produce both
velocity and the the upstream mass density, respectivelpg) emissions. Discussions of the above and similar issues have
therefore the synchrotron measurement, the nonthermakquacently been given for instance lin_Aharonian ét al. (2006);
tities can be determined from theory. The exception is at filBorter et al.[(2007); Aharonian et &al. (2007); Katz & Waxman
sight the mean magnetic field strength. However, it neede to(2008); Plaga (2008), and Berezhko & Vi6lk (2008). However,
consistent with theverall form of the synchrotron spectrum,the complexity of the configurations that characterizedhes
from radio to X-rays, and with the X-ray synchrotrmorphol- tended sources introduces severe uncertainties. Theyfesia
ogy that depends on the effective strength of the magnetic fietde poorly known structure of the circumstellar medium,athi
In this way an interior effective magnetic field strength & d could be partly due to the strong winds expected from the
termined. It is typically an order of magnitude larger thha t progenitor stars or could be partly pre-existing in the farin
MHD-compressed upstream field strength. This amplificatioreighboring interstellar clouds, affected by the progeraind
of the magnetic field is a characteristic of the effectivecdee its subsequent explosion.
ation of CR nuclei in a SNR, because it can only be the result We shall add in this paper such a phenomenological argu-
of strong acceleration of nuclear particles. The presstitlieeo ment. It concerns the spatially integrated synchrotrorssion
accelerated electrons — also for the cases discussed betowspectrum for the simplest available objects, the remnahts o
more than two orders of magnitude belpW>. the three young type la SNe, observed in VHEays. Even
The question is then, whether the obseryagy emission though only upper limits exist from the HEGRA, H.E.S.S.
is also dominated by nuclear particles through their irtidlas and CANGAROO experiments for SN 10t al.,
70 - producing collisions with thermal gas nuclei. This neé®005), Tycho's SNR[(Aharonian etlal., 2001), and Kepler's
not be the case if the target density of the thermal gas is v&)NR (Enomoto et all, 2008; Aharonian et al., 2008), they can
low, despite the fact that the energy density of the acceddranevertheless be used to estimate lower limits to the effecti
nuclear particle component is very high, in fact comparéle mean magnetic field strengths in the SNR that are consis-
the thermal energy density. tent with the observed spatially-integrated synchrotrpecs
Using this theoretical approach (for reviews, see e.ga. These somewhat naively estimated magnetic fields are th

Malkov & Drury, [2001;[Vélk,| 2004{ Berezhko, 2005, 2008ompared to the expectations for these types of SN explssion
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The large discrepancies found disfavor leptonic scendops in the form of a power law with an exponential cutoffiat...
these objects. The indexa: = 4 again corresponds to a test particle specﬂum
In this sense the two parametedsand p,,.. can be ap-
proximately fitted from the known radio and X-ray synchratro
data as a function aBy. In fact, because of the exponential be-
haviour of the cut-off of the electron momentum distribatio
The expected synchrotron spectral energy density (SED)t only sensitive parameter turns out to/heThe fact that the
distanced from a SNR is given by the expression (e.goPserved radio synchrotron spectra are softer than impled

2. Simple synchrotron and IC modeling of the
integrated emission

IBerezinskii et al., 1990) a distribution withae = 4 suggests that the pure electron accel-

eration model, for the sake of argument considered heretis n

52 dF™ 3 x 102 /d3rB the physically correct model. However, a pure electron rhode
dE 4wd? + is necessarily one with = 4, even if it does not optimally fit

theform of the observed synchrotron spectrum, but rather only
> E its amplitude
x dpp> f. 1) 'tSampiitude.
/0 P fo(r:P)g (huc> @ Next we calculate the IC SED from these same electrons
in the 2.7 K cosmic microwave background (CMB). Thisay

in erg/(cnts), where SED can be written in the form:
o dFIC E2 00
_ / / 2 - c 3
9(y) y/y Ks3(y")dy’, E d% = ?/d T/O denpn(€)
K, (y) is the modified Bessel functiot is the photon energy, oo
ve = 3eBp?/[4m(mec)?], and B, is the interior magnetic X / dpp*o (e, E, €) fo(r, p) (4)
field component perpendicular to the line of sight. Pmin

We shall use here an approximation that averages O¥eL o/(cn? h B]
. ; T : . ) , ( thal & Gould, 1970
the line of sight directions. A precise analytical integra- erg/(cns), wherel(Blumentha © )

tion involving Whittacker’s function has been given by 3or(mec?)?
Crusius & Schlickeiset (1986) which is in turn closely appro (e, By e) = dee?

imated by substituting
B, =+/2/3Bq, ) x [2qlnq+(1+2q)(1—q)+0-5

into Eq.[1). HereB, is the st th of the interior field which. . . . .
into Bq.[1). HereB, is the strength of the interior field whic the differential cross section for the up-scattering pfiaton

results from the MHD-compression of the upstream magnel[?c

field Bo and subsequent de-compression in the interior (s\ggh incident energy to energyk by the elastic collision with

below). The strength aBy is denoted as3,. an electron of energg,

(Tg)*(1 —q)

1+Tq ®)

The spatial integral in EqJ1) extends over the voluvhe 1 €2
of the SNR, as given by the observed synchrotron morphologyb = 72(he)? exple/kpT) — 1 (6)
and the calculated synchrotron SED has to be compared with
the observed SED. is the blackbody spectrum of the CMB,= 27h andkp are

Our starting point for a simplified model is the assumptiotiie Planck and Boltzmann constants, respectiély; 2.7 K,
that B in the form of Eq(R) can be taken as a weighted mean: = 6.65 x 10~2° cm? is the Thomson cross-section,=
value,/2/3(Bg) out of the spatial integral of EgI(1). The post£/[['(e. — E)], T’ = 4ee./(mec?)? , andpuin is the minimal
shock value of34/ By is locally between 1 and, wheres > 1 momentum of the electrons, whose energis determined by
denotes the overall shock compression ratio. Since théante the conditiony = 1.
field strength is lower than the postshock field strength, aveh We neglect here nonthermal Bremsstrahlung emission
for this mean interior field strengtiBq) < 0 By. which turns out to be unimportant for all the cases consitlere

If we investigate the possibility that the acceleratediparbelow.
cles are electrons alone — implying a purely leptonic orifin Since the CMB is uniform, we can without further approx-
the VHE~-ray emission —then we have to consider a test paritnation use Eq.(3) to express theray SED in terms of the
cle problem witho = 4. In the same sens®, should be equal parameters! andp,,.x. The results are given in Figl 1a for SN
to the strength of the interstellar magnetic field, i.e. éqaa 1006, in Fig[lb for Tycho’s and in Fig] 1c for Kepler's SNRs
a few uG. Values of By = 3uG andBy = 5uG then imply for various values ofBg).

3 < (B4) < 12uG and5 < (Bq4) < 20uG, respectively. n . — _

As a second approximation we shall also assume that the For internal magnetic field strengths in excessl0,.G such

: _a model distribution would have to include a high-energyt par
;%lggi:rr;éi%?rlloﬁe(np ) equals the product 6f and an elec of the spectrum that is softened by synchrotron losses, spe e

Berezhko et al| (2002). However in the present context,dbas by

3 o assumption not include massive nuclear particle acc@erasuch
d°rfo(r,p) = VAp™® x exp(—p/Pmax); 3 field strengths are not expected to occur.
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Fig. 1. The overall (spatially integrated) nonthermal spectrargp distribution (SED) as a function of photon enefgyThe
lower-energy part shows the simple fit to the observed syriam-SED, cf. EqL(3), for various values of the interndtfigrength
B, in uG, cf. Eq.[2). The synchrotron fit is essentially indeperidémean strengtkiB,) of the internal field. The high-energy
curves show the inverse Compton-SED in the CMB for the varfaid strengthga) for SN1006: Theblue radio data are from
Reynolds|(1996) whereas tlgeeen andred X-ray data are from RXTE (Allen et al., 1999), and Suzeku (Barat al., 2008),
respectively. The Chandra data (Allen etlal., 2004) are sgnylar to the Suzaku data and can be treated as indistingfolis in
the present context. Also given are the upper limits from.H.8.(Aharonian et al., 2005) and EGRET (Naito et al., 19a9)
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3. Discussion accelerated CRs in young SNRs are concentrated in a thin laye

near the shock front, these two mechanisms also hardly influ-

It is clear from the outs_et that the approxmz_;\te nature of ﬂé?lce the properties of the nonthermal emission, produced by
models used limits the impact of the conclusions to be dra s, except possibly that of the highest-energy CRs
from these results. On the other hand, most of the arguments '

that have been used in the past regarding the alternative be- )
tween a hadronic and a leptonic interpretation of ViHEay 4. Conclusions

results have used such one box approximations. The only ali§m e one box approximations indicate that a leptonic sce-
native would be full time-dependent solutions of the gor®gn ,5io for they-ray emission from the three known Galactic

system of equations, discussed in the Introduction. type la SNRs SN 1006, Tycho's SNR and Kepler's SNR sig-
However, with this proviso, the results are surprisinglifificantly overpredicts they-ray flux, even when compared

clear. For all three sources magnetic field strengthdower o the existing upper limits from observations. The caltiata

or equal to the expected interstellar magnetic field$-ef5.G  makes direct use of the observed synchrotron emissionrspect

substantially overpredict even the existingay upper limits.  Even though the arguments are simplistic, they appearro eli
For a shock that excites MHD fluctuations only weakly ifnate equally simplistic phenomenological arguments ifa

at all, because of the assumed lack of acceleration of nuclg@such a scenario. Any positive argument in favor of a purely

particles, the interior gas flow will be essentially lamimard |eptonic scenario would therefore have to be based on adull s

adiabatic. Taking into account that in such an approxingatéiition of the governing nonlinear equations. From our ressul

laminar gas flow the minimum strength of the internal magrowever, we believe that such a positive argument can not be

netic field will always be lower than the strength of the upmade.

stream field and that the weighted average field strength av-

erage field strength is considerably lower than the maximuifknowiedgements. We are indebted to Drs. Glen Allen and Aya

field strength (over the quasi-circular shock surface) iime Bamba for providing us the X-ray spectra for SN 1006 from Ghian

ately behind the shock, a more realistic estimate for thae/alsndhsuéak”.'n thys'(;al .un'tfs' TI:'S .chk has t;een Sum&g’;&“

of (By) would be to puts ~ 1. This would imply that the 2%, ¢ Russian Foundation for Basic Research (grants ’

. - 07-02-0221). EGB and LTK acknowledge the hospitality of thex-
<B‘_i> -values, given in Figl1, roughly equal the \(aluesB_z)f. Planck-Institut fur Kernphysik, where part of this work svearried
This means that already the curves f&y = 10uG in the fig- ;.
ures assume an unrealistically high ambient interstelédd fi
strength, larger than the interstellar average. Yet theypmre-

dict the IC~-ray flux by at least one order of magnitude i
comparison with the observed totalray upper limit already Acero, F., Ballet, J. & Decourchelle, A. 2007, A&A, 475, 883
for the very low-density object SN 1006 (Acero et al.. 2007) sharonian, F.A., Akhperjanian, A., Barrio, J., et al. (HEGR
that would therefore be expected to be located in a lower thancollaboration) 2001, A&A, 373, 292
average interstellar magnetic field as well — and by much mgt@aronian, F.A., Akhperjanian, A.G., Aye, K.-M. et al. (HES
for the two other sources. Collaboration) 2005, A&A, 437, 135

Existing theoretical solutions for the overall particleake  Aharonian, F., Akhperjanian, A.G., Bazer-Bachi, A.R. et al
eration in these three sources take into account the amplifi{HESS Collaboration) 2006, A&A, 449, 223
cation of the magnetic field by the accelerating nuclear paharonian, F.A., Akhperjanian, A.G., Bazer-Bachi, A.R.ak
ticles whose energy density becomes comparable to the ki{HESS Collaboration) 2007, ApJ, 661, 236
netic energy of the incoming gas flow, as seen in the fram@aronian, F., Akhperjanian, A.G., Barres de Almeida, U.,
of the shock (e.g. Ksenofontov et al., 2D05; Volk etial.. 200 et al. (HESS Collaboration) 2008, to appear in A&A
Berezhko et &ll, 2006). Only then it seems possible to natove (arXiv:00806.3347v1 [astro-ph])
predict the leptonic flux. At the same time theray flux is Allen, G.E., Gotthelf, E.V. & Petre, R. 2008, Proc. 26th ICRC
dominated by the hadronic flux, even though in SN 1006 only (Salt Lake City), 3, 480
by a small margin. Allen, G.E., Houck, J.C. & Sturner, S.J. 2004, Adv. Space Res

We note here that besides nonlinear amplification due t033, 440
CRs the magnetic field in SNRs can also by amplified by othBamba, A., Fukazawa, Y., Hiraga, J.S. et al. 2008, PASJ 60,
mechanisms. These are Rayleigh-Taylor instabilitieseattn- S153
tact discontinuity between the ejecta and the shockedmircuBerezhko, E.G. 2005, Adv. Space Res., 35, 1031
stellar gas (e.g. Wang & Chevalier, 2001) and the vorticity-g Berezhko, E.G. 2008, Adv. Space Res., 41, 429
eration that results from the shock running into possibly-prBerezhko, E.G., Elshin, V.K. & Ksenofontov, L.T. 1996 JETPh
existing density inhomogeneities of the circumstellar med 82, 1
(Giacalone & Jokipii, 2007). However, the common feature &erezhko, E.G. & Volk, H.J. 1997, Astropart. Phys., 7, 183
these mechanisms is that they act only in the downstream Berezhko, E.G., Ksenofontov, L.T., & Volk, H.J. 2002, A&A,
gion and produce their main effect at a substantial distance395, 943
behind the shock, that is outside the CR acceleration regi®erezhko, E.G., Ksenofontov, L.T., & Volk, H.J. 2006, A&A,
Therefore these mechanisms do not influence the CR accele#52, 217
ation process, in particular the maximal particle energyc& Berezhko, E.G. & Volk, H.J. 2007, ApJ, 661, L175
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