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ABSTRACT

Aims. Recent theoretical predictions of the lowest very high gn€¥HE) luminosity of SN 1006 are only a factor 5 below thevpoeisly pub-
lished H.E.S.S. upper limit, thus motivating further inatleobservations of this source.

Methods. Deep observations at VHE energies (above 100 GeV) wereedaatit with the High Energy Stereoscopic System (H.E.S.8.) o
Cherenkov Telescopes from 2003 to 2008. More than 100 hdutata have been collected and subjected to an improvedsasgisocedure.
Results. Observations resulted in the detection of VhEays from SN 1006. The measurgday spectrum is compatible with a power-law, the
flux is of the order of 1% of that detected from the Crab Nebahe] is thus consistent with the previously established $51%.upper limit. The
source exhibits a bipolar morphology, which is stronglyretated with non-thermal X-rays.

Conclusions. Because the thickness of the VHE-shell is compatible witfssion from a thin rim, particle acceleration in shock waigelikely

to be the origin of they-ray signal. The measured flux level can be accounted for v®srée Compton emission, but a mixed scenario that in-
cludes leptonic and hadronic components and takes intaiattiee ambient matter density inferred from observatidss leads to a satisfactory
description of the multi-wavelength spectrum.

Key words. y-rays: observations — SNR: individual (SN 1006, G3271.4.6) — supernova remnants

arxiv:1004.2124v1 [astro-ph.HE] 13 Apr 2010

1. Introduction remnant of this explosion was first identified at radio wangtes on

the basis of historical evidende [Gardner & Milne 1965]. Ekelution

The source SN 1006 is the remnant of one of the few historigas ¢ jts juminosity indicates that it is the result of a Type lgemova
novae. It appeared in the southern sky on 1006 May 1 and wasdet i aefer 1996], probably the brightest supernova in dembhistory.
by Chinese and Arab astronomefs_[Stephenson & Green 2002]. Tz gistance of 2.2 kpc was derived by Winkler et al. (2003) base
- . comparing the optical proper motion with an estimate of theck ve-
Send gprint requests to naumann-godo@IIrin2p3.fr, - denau-jocity derived from optical thermal line broadening assogna high
roi@in2p3.fr ] o _ Mach number single-fluid shock.
* supported by CAPES Foundation, Ministry of Education ofira
** now at Washington University, St. Louis, USA
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Contemporary interest in the very high energy (VHE) emissio
from supernova remnants (SNRs) has arisen due to theiriasocas
prime candidates for Galactic cosmic-ray acceleratiorstlyj Galactic
SNRs have dflicient kinetic energy to explain the estimated Galactic
luminosity in cosmic rays of 18 ergs. Secondly, and more impor-
tantly, it has been shown thatfflisive shock acceleration provides a
viable mechanism which carffieiently accelerate charged particles in

Dec (deg)

N.E. Region

the blast waves of SNRs (e.g. Drury 1983; Blandford & Eicllg87;
Jones & Ellison 1991; Berezhko et al. 1996). Indeed, most-siype
SNRs are non-thermal radio emitters, which confirms thatelas are
accelerated up to at least GeV energies. Moreover, the lirigtvtened
non-thermal radio emission traces the sitefééetive particle accelera-
tion.

The source SN 1006 was also the first SNR in which a non-therma
component of hard X-rays was detected in the rims of the raemna

by ASCA [Koyama etal. 1995] and ROSAT [Willingale et al. 1996
whereas the interior of the remnant exhibits a thermal specivith
line emission. The hard featureless power-law spectruongly im-
plies a synchrotron origin of the radiation, which in turrggasts that
electrons can be accelerated up to energies ©00 TeV. Subsequent
arcsecond resolution images by Chandra revealed a snaddl-sttuc-

ture in the nonthermal X-ray filaments of the NE rim of SN 1006

[Bamba et al. 200 03], supporting the ideaigh 18-
fields in the bright limbs of the remnarit_[Berezhko et al. J00%h
analysis of the X-ray observations from XMM-Newton by Ratfieg
et. al (2004) leads to the conclusion that the magnetic fiettié rem-
nant is oriented in the NE-SW direction. The synchrotron ssion
would then be concentrated in regions where the shock is-pasallel

Also, y-ray observations of SN 1006 were carried out by groun
basedy-ray telescopes. A TeVWy-ray signal at the level of the

Crab flux was claimed by the CANGAROO:.I [Tanimori et al. 1998

and CANGAROO-II [Tanimori et al. 2001] telescopes, but shsent

stereoscopic observations of the source with the H.E.8l&dopes in
2003 and 2004 found no evidence of VHEay emission and derived
an upper limit ofd(> 0.26 TeV) < 2.4x10*? ph cnt? s at 99.9% con-
fidence level|[Aharonian et al. 2005]. The CANGAROO-III tepe
array found only an upper limit which is consistent with theetS.S.
result imori 5].

The initial non-detection of SN 1006 in VHf~rays does not in-
validate the hypothesis of nuclear particle acceleratiothe shock.

15h04m 15h02m

RA (hours)

Fig. 1. H.E.S.Sy-ray significance map of SN 1006 using an in-
tegration radius 0f0.05°. The linear colour scale is in units of
standard deviations. The white solid contours correspanithé
regions which contain 80% of the non-thermal X-ray emission
rom the XMM-Newton flux map in the 2 - 4.5 keV energy range
ifter smearing with the H.E.S.S. PSF, shown in the inset. The
hite dashed circles correspond to the regions that areusbed
rom background determination.

any image-cleaning procedure and uses all pixels in the i@ariée
noise distributions in the pixels due to the night sky baokgd are
taken into account in the model fit and result in a supericatinent
of shower tails. Therefore the Model Analysis results in areno
precise reconstruction and better background suppresisam more

Indeed, the hadronig-ray flux is very sensitive to the ambient gassgnventional techniques, thus leading to improved seitsiti

density iy and hence the H.E.S.S. upper limit implies a constraint on

Two different sets of cuts were used: T$tandard cutsincluding

ny < 0.1 cn® [Ksenofontov et al. 2005]. Indeed, being 500 pc abovg minimum image charge of 60 photoelectrong €£260 GeV), cover

the Galactic plane, the remnant is relatively isolated, thedgas den-
sity around SN 1006 was recently estimated to be around @O8%

9]. Ksenofontov et al. (2005) furtherenshowed
that the lower limit for the VHE/-ray flux, which is given by the inverse
Compton (IC) component derived from the integrated syrtcbnoflux
and field amplification alone, was only a factor 5 below the .8.E.
upper limit. These predictions promoted deep observatioitis the
H.E.S.S. telescopes.

2. H.E.S.S. observations and analysis methods

the full energy range and are used for the spectral analydyjs Bhe
hard cuts with a larger charge cut of 200 photoelectrons, result in an
improved signal-to-background ratio at the expense of fostatistics
and a higher threshold of 500 GeV. These are used for theestudi
source morphology.

The results presented below have been cross-checked us-

the 3D Model Analysis [[Lemoine-Goumard et al. 20086,

ing

- 09]. Both analyses yielded consisten
results.
Significant y-ray emission is detected from the direction of
SN 1006, concentrated in two extended regions as shown idlFidnis

H.E.S.S. is an array of four 13 m diameter imaging atmospherinap shows the significance over a field-of-view o811° with a pixel

Cherenkov telescopes situated in the Khomas Highland iniblam

size of 0005 obtained with hard cuts using the ring background sub-

at an altitude of 1800 m above sea levEl [Bernloehr et al.]200Baction technique [Berge et al. 2007] and a small integratadius of

4]. The source SN 1006 was observed in 2003tkgth
two telescopes that were operational at that time and witltdimplete
H.E.S.S. array in the years since. After run selection tha gt com-
prises 130 hours (live time) of observations, of which 18rsouere
taken with two telescopes only. The latter yielded a smatftsctive
area than the data set recorded with the full array. For #wsan they
are used only in morphological studies and excluded in theetspl
analysis.

The data were analysed with theModel Analysis
de Naurois & Rolland 2009], in which shower images of allgiri
gered telescopes are compared to a pre-calculated modetaysnof
a log-likelihood minimisation. The Model Analysis does mety on

0.05°, close to the H.E.S.S. PSF 8 = 0.064. As the pixel size
is a factor 10 smaller than the integration radius, the bieshéghly
correlated. In two regions of the map the significance of the.&.S.
observation clearly exceeds/5

The significance distribution over the field-of-view of R 2° is
shown in Fig[2, while Fig13 illustrates the area corresjagdo the
significance above a given level. The black histogram in Higfires
corresponds to the full field-of-view and exhibits strongidgéon from
a normal distribution at large significance values. The rstbgram,
restricted to the part of the field-of-view outside of the tghilashed
circles (Fig[1) is compatible with a normal distributiors, denoted by
the red dashed line (Fifi] 2). This demonstrates that thekitibn of
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observation positions, the number of OFF regions varias fibserva-
tion to observation. Individual observation values are biored into an
average normalisation factar)quoted in Tablgll. Similar excess event
counts and significances are observed in both regions, ttestiag to
the bipolar morphology of the remnant in the TeV energy rafdes

is a highly constraining result, because due to the relgtiuaiform
target density around the remnant the H.E.S.S. morphologgtty re-
flects the distribution of high-energy particles respolesfbr they-ray
emission.

104

10°

102

10

Region ON OFF a #v | Significance

NE, Std Cuts | 4306 | 25421 | 6.67 | 495 7.3

ok | | | i ‘ ‘ ‘ NE, Hard Cuts| 619 | 2575 | 6.44 | 219 9.3

,4‘ ‘ ‘_2 = 0 = 2 = 4 — 6 == ) ‘10 SW, Std Cuts | 3798 | 26523 | 7.615| 315 4.9
Significance SW, Hard Cuts| 548 | 2591 | 7.25 | 191 8.7

Table 1. H.E.S.S. excess events and significances for the two re-
Fig. 2. H.E.S.Sy-ray significance distribution over the full field-gions defined from X-ray observations.is the normalisation
of-view of SN 1006 (black histogram) and excluding the tacu factor between OFF and ON exposures.
regions around the NE and SW emission regions (red histogram
A normal distribution (red dashed line) shows that the digni
cance distribution over the rest of the field-of-view is catiige
with expectation from statistical noise fluctuations.

ST
(o2}

Figure[4 shows the-ray H.E.S.S. excess map, produced with
hard cuts and the same integration radius 05Q overlaid with the
smoothed XMM-Newton flux contours. A striking similarity taeeen
they-ray and X-ray emission regions is found. For a quantitadival-
ysis uncorrelated radial and azimuthal profiles of the HE&.8xcess
events were derived and compared to the XMM-Newton proffégs(
and[®). Again the XMM-Newton data were smoothed to match the
H.E.S.S. point spread function, and the relative normitisavas ad-
justed to the maximum value. Within error bars, the H.E.%u&l
XMM-Newton emission profiles are almost identical, thusgioly in-
dicating a common origin.

The geometrical X-ray centre of the SNR was derived from the u
smoothed XMM-Newton data by fitting them with a Gaussian ahdi
profile convolved with an azimuthal profile with two Gaussizm-
ponents, yielding 15h2m51.1s, -41d55’32.2” as the cerftttedoSNR
with a radius ofR = 0.239 and a thickness adR = 0.013. Figure[$
N N EEAN N R S N ER RN B shows the radial profiles of H.E.S.S. and smoothed XMM-Nevéx-

-6 -4 -2 0 2 8

45. 6 10 cess events from the centre of the SNR. When a Gaussian istffi¢ to
ignificance Threshold

[

Area [deg 2|

s

107

102

10°

10

o

H.E.S.S. profile (Fig]5) the shell radius is found to b240 + 0.01°

and the width of the radial distribution isG® + 0.01°, which is consis-
Fig.3. H.E.S.S. sky area witly-ray significance above sometent with the H.E.S.S. point spread function, thereby shgwhat the
threshold as a function of its value over the full field-afwi emission region is compatible with a thin rim.

of SN 1006 (black histogram) and excluding the circular oegi The azimuthal profile, restricted to radil® < r < 0.36° from the

- - - centre of the SNR, is shown in Fig. 6 for H.E.S.S. data and $necb
around the NE and SW emission regions (red histogram). XMM-Newton data in the 2 - 4.5.keV energy band. The azimuth is

defined clockwise with zero toward the East. The H.E.S.Silprs
compatible with a superposition of two Gaussian emissigiores al-

) . . " . most at 180 from each other, respectively centred eh436° + 6.1°
events over the field-of-view (outside the two exclusioriaes) is com- (SW region) and 28" + 4.0° (NE region) and with similar widths of
patible with expectation from statistical fluctuations &inat systematic 33g° ., 7.0°and 279° + 4.0°.

effects concerning background estimation are under control.

4. Spectral analysis

3. Morpholo
P oy Differential energy spectra of the VHEray emission were derived

Two different integration regions were defiregriori from the XMM-  for both regions above the energy threshold-a260 GeV. These re-
Newton data set [Rothenflug et al. 2004]: a map of the flux ir2thd.5  gions correspond to 80% of the X-ray emission (after smgauiith the

keV energy range (to exclude thermal contamination) wasosinedl H.E.S.S. PSF) and therefore slightly underestimate theeralésion of
with the H.E.S.S. PSF, and regions which contained 80% oflthe the full remnant.

were calculated. The two resulting regions, denoteblasRegiorand The spectra for the NE and SW regions are compatible with powe
SW Regionare displayed as white contours in Hifj. 1 and coincide weHw distributions,F(E) o« E-T, with comparable photon indicdsand
with the regions of largest H.E.S.S. significance. fluxes. Confidence bands for power-law fits are shown in [Hignd a

Excess event counts and significances for both regions wea gi Table[2. The integral fluxes above 1 TeV correspond to legs1B&of
in Table[d for the two sets of cuts. The ON photons are from #ie rthe Crab flux, making SN 1006 one of the faintest known VHE sesir
gions enclosed by the solid lines in Fig. 1, while the OFF &veme (Table[2). The derived fluxes are well below the previouslplished
taken from regions of identical shape rotated in the fieldie# of the H.E.S.S. upper limits [Aharonian et al. 2005]. The obsemkdton in-
instrument around the observation position and not inttirsethe ex- dexI” ~ 2.3 is somewhat steeper than generally expected fréinsive
clusion regions (enclosed by dashed lines in Elg. 1). Dueatging shock acceleration theory and may indicate that the upgesftof the
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Fig. 6. Azimuthal profile obtained from H.E.S.S. data and XMM-
Newton data in the 2 - 4.5 keV energy band and smoothed to
H.E.S.S. PSF, restricted to radlil2’ < r < 0.36° from the cen-

tre of the SNR. Azimutf corresponds to Eas®0® corresponds

RA (hours)

to North,180 to West and-90° to South.

Fig.4. H.E.S.Sy-ray image of SN 1006. The linear colour scale
is in units of excess counts pex (0.05°)2. Points within(0.05°)?

are correlated. The white cross indicates the geometrieatie

of the SNR obtained from XMM data as explained in the text an
the dashed circles correspond totRIR as derived from the fit.
The white star shows the centre of the circle encompassing tr
whole X-ray emission as derived by Rothenflug et al. (200d) an
the white triangle the centre derived by Cassam-Chenai.et a
(2008) from Hr data. The white contours correspond to a con-
stant X-ray intensity as derived from the XMM-Newton flux mag
and smoothed to the H.E.S.S. point spread function, emgjosi
respectively 80% , 60% , 40% and 20% of the X-ray emission
The inset shows the H.E.S.S. PSF using an integration radius

0.05°.
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Fig. 7. Differential energy spectra of SN 1006 extracted from the
two regions NE and SW as defined in Sect. 2. The shaded bands

12

T I correspond to the range of the power-law fit, taking into agto

w1 HES.S. statistical errors.

5 osb- XMM-Newton

® f Region photon index” (> 1TeV)

£ o6 (10*2cm2s™)

O NE 2.35+ 0.14q £ 0.25ys; | 0.233+ 0.04355; = 0.04 7y
0.4 SW 2.29+ 0.18a + 0.25ys; | 0.155+ 0.037¢a = 0.03 15y
02 2 Table 2. Fit results for power-law fits to the energy spectra.

07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0 ‘0.1 ‘0.2 ‘0.3 ‘ ‘0.4 ‘ ‘ ‘O.‘S — ‘0.6
Radius [deg]

5. Discussion

F|g 5. Radial pI‘Ofile around the centre of the SNR obtained fI‘OI‘fhe source SN 1006 is an ideal examp|e of a She”_type Supe meon-
H.E.S.S. data and XMM-Newton data in the 2 - 4.5 keV energant because it represents a type la supernova explodiagaimgp-

band smoothed to H.E.S.S. PSF.

high-energy particle distribution is being observed; hasvethe uncer-
tainties on the spectrum preclude definitive conclusionthi@point.

proximately uniform medium and magnetic field, thereby ptally
maintaining the spherical geometry of a point explosionisTdan be
attributed to the fact that SN 1006 is about 500 pc above tHacBa
plane in a relatively clean environment, where the extegaal density
is rather low, i ~ 0.085 cm?® as indicated by Katsuda et al. (2009).
Moreover, SN 1006 is one of the best-observed SNRs with adath-
set of astronomical multi-wavelength information in ragdiptical and
X-rays, and all the important parameters like the ejectedsmits dis-

tance and age are fairly well-known_[Cassam-Chenai e0@8R For
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this reason, the semi-analytical models of Truelove & McK&@99)
can be approximately applied and the velocity of the shottutated.
The value of the shock velocity calculated by this meansesgveell
with the recent measurement in X-rays by Katsuda et al. (208d-
ing (0.48+0.04) arcsec yr* in the synchrotron emitting regions (NE and
SW), which corresponds to 50@0400 ks for a distance of 2.2 kpc.
This does not contradict the value 0fZ8+0.008) arcsec yr* measured
by Winkler et al. (2003) in the optical filaments, which artiated in 10
the NW region of the remnant. All those calculations negtaet dy-
namic role of accelerated particles however, which is paby quite
important. 10

The basic model of VHE~ray production requires particles accel-
erated to multi-TeV energies and a target comprising ptsotomgor A ‘: ,
matter of stficient density. The close correlation between X-ray and BT S e PP e YRt
VHE-emission points toward particle acceleration in thersg shocks E[eV]
revealed by the Chandra observation of the X-ray filamentzelbler,
the bipolar morphology of the VHE-emission in the NE and SW re
gions of the remnant supports a major result dfudive shock ac-
celeration theory, according to whiclffieient injection of suprather-
mal downstream charged nuclear ions is only possible fircgntly
small angles between the ambient magnetic field and shoockaioand
therefore a higher density of accelerated nuclei at thesgslpredicted

i 0 0 3]. 10

Radio [Reynolds 1996] and X-ray [Bamba et al. 2008] data-inte
grated over the full remnant were combined with Vi#Eay measure-
ments to model the spectral energy distribution of the sira simple 10°

=
S}
%

T T T TTTm—T H\H‘ HHHH‘ HHHH‘ HHHH‘ LALLL

10°
10

1

E2dN/dE (eV.cm ™ s7)

™

10°

--- Synchrotron
3

-- ICon CMB
-- Bremsstrahlung

4
10 — Sum

™

E? dN/dE (eV.cm™ s)
5 8
HH‘ T HHH\‘ T HHH\‘ T HHH\‘ TTTTI
[%2]
f=
N
o
2
[=
i <@
L <_!3
. 3

--- Synchrotron
-- IConCMB
-- Bremsstrahlung

one-zone stationary model. For the sake of consistency/itey-ray . m, decay

. . . . . 10
energy distribution was determined from the sum of the tvavipusly —— Sum Pt !
defined regions. In this phenomenological model the cumésttibu- 10° bl el bl ol
. A . . . . 10 10 10 10 10 10 10 10 10 10 10 10
tion of particles (electrons arat protons) is prescribed with a given EleV]

spectral shape corresponding to a power law with an expiahentof,
from which emission due to synchrotron radiation, brenagdtmg and
IC scattering on the Cosmic Microwave Background (CMB) phgtis
computed. Ther® production through interactions of protons with the
ambient matter are obtained following Kelner et al. (2006).

It is clear that this model oversimplifies the acceleratioocpss
in an expanding remnant, as discussed by e.g. Drury et &89jl&nd
Berezhko et al. (1996). In addition one must include the taggies 10
introduced by the dynamics of the ejecta, the nonuniformcstire of
the ambient medium and the complexities of the reaction efttel-
erated particles on both the magnetic field and the remnarandics. 10°

3

10
10°

10

Suzaku y Fermi

H.E.S.S.

1

E? dN/dE (eV.cm™ s7)

™

2
10 --- Synchrotron

-- IConCMB
-- Bremsstrahlung

This is of importance when comparing the data to the modelltes . , decay

below. 01 g L : i
Assuming first a purely leptonic form (Fig] 8, top), the radied 107 o L”!O“/‘ = l‘(‘];“ T e s

X-ray data constrain the synchrotron part of the SED in a way the E[eV]

slope of the electron spectrum, which is particularly s#resito the )
slope of the radio data, is bounded between 2.0 and 2.2, tisileutst  Fig. 8. Broadband SED models of SN 1006 for a leptonic
energy of electrons is limited to about 10 TeV by the X-rayadmsum- scenario (top), a hadronic one (centre) and a mixed lep-
ing a magnetic field of 3Q.G. With the particle spectrum constrainedtoni¢hadronic scenario (bottom). Top: Modelling was done by
by radio and X-ray data, the resulting magnetic field needetobigher using an electron spectrum in the form of a power law with an
than 30uG so that the IC emission does not exceed the measured VHRdex of 2.1, an exponential cyffat 10 TeV and a total en-
flux. A magnetic field of 3QuG implies that assuming Bohmftlision, ergy of We = 3.3 x 10* erg. The magnetic field amounts to
electrons of 1 TeV are confined in a shell of the width of 10 ecosds, 30 uG. Centre: Modelling using a proton spectrum in the form

which is much smaller than the PSF of the H.E.S.S. instrurardtis - - .
therefore compatible with the radial profile shown in [ElgHawever, ggqrp\(/)we:jlaw W'}h an index of 2&?’ fin?’e())(po;]gsratlal gued
while this simple leptonic scenario can account for the miesVHE eV and a total proton energy Wp = 3.0 x erg (us-

y-ray flux, it fails to reproduce the slope of the VHE spectrwhichis N & lower energy cutffof 1 GeV). The electrgproton ratio
much harder than the expectations from the IC process (se8 Fop). above 1 GeV wake, = 1x 10~* with an electron spectral index
But it should be noted that non-linear Fermi shock accdtaras re- Of 2.1 and cut@ energy at 5 TeV. The magnetic field amounts to
viewed by Malkov & Drury (2001) usually predicts curved cosmay 120uG and the average medium density is 0.085%rBottom:
spectra with dierent spectral shapes for protons and electrons. TheréM®delling using a mixture of the above two cases. The total pr
a hint of spectral curvature observed in the case of Tychwisk@epler's tgn energy wasVp = 2.0 x 10°° erg, withKep = 7 x 1073, with

supernova remnants in the radio regime [Reynolds & Elis#82]. For - exnonential cutgs at 8 TeV and 100 TeV for electrons and pro-
SN 1006 there is also an indication of the curvature of theteda spec-

X tons respectively. The magnetic field amounts tn@5The ra-
trum in the GeV to TeV energy range [Allen efal. 2008]. These-n . datap6],gX-ray dath [Bam! & | 2008] and

li hich al igh i I . P
inear dfects, which also might well introduce a spectral curvatare Y ESS. data (sum of the two regions) are indicated. Thevfel

the VHE regime, are not addressed by this simple model. X - . .
In a second dominantly hadronic model (FTl. 8, middle) Te\isem NG Processes have been taken into account: synchrotroa+ad

sion results from proton-proton interactions witA-production and tion from primary electrons (dashed black lines), IC saatig

subsequent decay, whereas the X-ray emission is still pestiby lep- (dotted red lines), bremsstrahlung (dot-dashed greers)ia@d
proton-proton interactions (dotted blue lines). The FgtAT
sensitivity for one year is shown (pink) for Galactic (uppend
extragalactic (lower) background. The latter is more reygsta-
tive given that SN 1006 4° north of the Galactic plane.
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tonic interactions. A rough representation of thEeet of spectral cur-
vature is included by allowing for a slightly harder spekinalex for
protons than for radio-emitting electrons. A lower elentfraction al-
lows us to account for the X-ray and radio emission with a éidfeld

HESS Collaboration et al.: First detection of VHiErays from SN 1006 by H.E.S.S.

from the Crab Nebula and therefore compatible with the presly pub-
lished upper limit[Aharonian et al. 2005]. The bipolar miaofpgy ap-

parent iny-rays is consistent with the non-thermal emission regitse a
visible in X-rays. As the VHE-shell is compatible with a se€in of thin

value of 120uG, which is consistent with magnetic field amplificationrim emission, particle acceleration in the very narrow }-fitaments,

at the shock, as indicated by the above-mentioned measntewfehin
X-ray filaments. Assuming an average medium density of 0085
and a proton spectral index of 2.0 with a diitenergy of 80 TeV (in-
ferred from the maximum energy of TeV photons), this modguiees
a high overall fraction of about 20%, of the supernova endogpe
converted into high-energy protons. Héfey = 1.4 x 10°* erg was as-
sumed, near the upper end of the typical range of type la Sh&xn
energies (e.g. Woosley et al. 2007), as the assumed deoisitgrved
radius and known age of SN 1006 appear to require a higherathem
age explosion energy. Given that the VHE emission is conatatt in
polar regions of the shell, the local shock accelerati@iciency would
then be several times higher than this fraction.

In a third example (mixed model), hadronic and leptonic peses
contribute almost equally to the very high-energy emissidre elec-
tron spectrum is similar to the aforementioned leptonicecaisd the
total proton energy is set to 14% of the mechanical supereaeagy
with the electrofproton ratioKe, = 3.9 x 1073, thus leaving the mag-
netic field and the cutdenergy of protons the only free parameters. |

which are signatures of shocks, is also likely to be at thgiof the
y-ray signal. The measured flux level can be accounted for \®rée
Compton emission assuming a magnetic field of aboutG0A mixed
scenario including leptonic and hadronic processes andgaito ac-
count the ambient matter density estimated from observatigo leads
to a satisfactory description of the multi-wavelength $pen, assum-
ing a high proton-acceleratiorffieiency. None of the models can be
excluded at the level of modelling presented here.
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the example shown in Fif] 8 (bottom panel) the magnetic figldunts  Heidelberg, Palaiseau, Paris, Saclay, and in Namibia indhetruction and op-
to 45uG and the cutfi energy of protons is 100 TeV. This exampleeration of the equipment.

illustrates that in this simple one-zone case it is posdibleproduce
all the multi-wavelength data on SN 1006 to a reasonableegegf

accuracy including the slope of the VHE-data. While thesesimera-

tions cannot exclude any of the astrophysical scenariey,darve as a
guantitative illustration of the various alternatives.

Values of total electron and proton energy, ¢biismergy and mag-
netic field obtained in the three aforementioned cases anenswised
in Table[3. These parameters yield very similar values wheMNE and
SW regions are adjusted independently.

Model | Ecte | Ecup We W, B
[TeV] | [TeV] | [10*erg] | [10%%erg] | [uG]

Leptonic 10 - 33 - 30
Hadronic 5 80 0.3 3.0 120

Mixed 8 100 14 2.0 45

Table 3. Parameters used in the spectral energy modellian

shown in Fig[B. Spectral indices have been fixed.1oand 2.0
respectively for electrons and protons.

More elaborate models using e.g. a nonlinear kinetic acatibe

theory [Berezhko et al. 2009] go beyond the simple approaekldped
here and lead to precise predictions that could be quangtatested

against the data. Severdfects which were not included in the simple

model above would alter the total energy in acceleratedgbestre-
quired for the hadronic component. Beyond the spectralature men-
tioned previously, these include the higher compressiotheftarget
matter induced by the dynamical reaction of the accelerpseticles,
and consideration of the heavier nuclei composition of teekerated
hadrons instead of the pure protons assumed here. Measussimée
GeV-energy range would be pivotal to distinguish betweenditer-

ent scenarios. Unfortunately, the sensitivity of the Fekmige Area
Telescope for one year as given in Atwood et al. (2009) is afchof

of the order of 10 too low (depending on the model and the edi&ct
fuse background flux) to measure the predicted flux at 1 GeViasrs
in Fig[8, which makes the detection of SN 1006 by Fermi LAheat
unlikely.

6. Conclusions
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