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Supernovae

Why supernovae?

Energy scale
Supernovae can release 1053ergs , 1046J, one of the most
energetic processes in the known universe

Rate
More energetic events (e.g. gamma-ray bursts) are too rare

Proof
Only proven source so far . . .
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Supernovae Types of supernovae

Types of supernovae

[Vink(2012)]
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Supernovae Types of supernovae

Core collapse supernovae

Final stage of the evolution of massive (M & 8M�) stars

Through fusion, star builds up onion-like structure of layers of elements
with increasingly greater atomic numbers

Stage Timescale Fuel Product

Hydrogen 11 Myrs H He
Helium 2 Myrs He C,O
Carbon 2000 yrs C Ne,Mg
Neon 2.6 yrs H He
Oxygen 0.7 yrs He C,O
Silicon 18 days Si,S,Ar,Ca Fe,Ni,Cr,Ti...

Every next step produces less energy per unit mass of fuel

56Fe most stable element, no energy to be gained from fusing it → star
builds up an iron core
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Supernovae Types of supernovae

Core collapse

Core temperatures/densities are now so high, that:

1 Photodisintegration starts destroying nuclei, particularly

56
26Fe + γ → 134

2He + 4n and 4
2He + γ → 2p+ + 2n (1)

Endothermic reactions: take up energy otherwise used to generate the
pressure necessary to support the core

2 Free electrons supporting the core (electron degeneracy) are captured
by heavy nuclei and free protons from photodisintegration, e.g.:

p+ + e− → n + νe (2)

Neutrinos escape, carrying away enormous amounts of energy

End result: star loses so much energy, it can no longer support itself
→ core collapses under its own gravity
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Supernovae Types of supernovae

Core collapse

Core collapses until neutron degeneracy pushes back, sending a
shockwave outward into the infalling material

Causes even higher temperatures → more photodisintegration →
shockwave loses most of its energy and stalls

However, photodisintegration creates expanding neutrinosphere which
impacts the accretion shock, causing it to expand again
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Supernovae Types of supernovae

Thermonuclear supernovae

Stars with M . 8M� never reach pressures/densities high enough to
burn carbon, instead becoming carbon-oxygen white dwarfs

COWDs in a binary can accrete from their companion (single
degenerate channel) or merge with it once it also becomes a COWD
(double degenerate)

SD When MWD > MChandrasekhar ' 1.4M�, carbon fusion
ignites in the core
Core is degenerate → doesn’t expand so doesn’t cool →
runaway reaction → explosion

DD Detonation, deflagration or delayed detonation
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Supernovae Supernova remnants

Supernova remnants evolution

Generally divided into four phases:

1 Ejecta dominated: total swept up mass less than mass of the ejecta

2 Sedov-Taylor: swept up mass dominates, but negligible radiative
losses

3 Pressure driven: radiative losses are significant

4 Merging: remnant mixes with the interstellar medium
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Cosmic Rays

Acceleration mechanisms

Many different acceleration mechanisms for galactic particles.

Acceleration generally assumed in or near the source.

We discuss 6 plausible mechanisms.
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Cosmic Rays

1 - Cyclotron

Zeeman splitting observed in sunspot. Determine magnetic field
strengths.

Caused by moving protons / electrons.

φ =

∫
B · dA = BπR2
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Cosmic Rays

1 - Cyclotron

−dφ

dt
=

∮
E · ds = U

Generation / decay of magnetic fields cause electric fields.

Electric fields cause accelerations of protons / electrons.

Energy gained after one orbit is equel to eU.
R = 107 m dB

dt = 0.2 Tesla/day

eU = 0.73 GeV
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Cosmic Rays

1 - Cyclotron

The Cyclotron mechanism provides the right energies (particles up to 100
GeV).

But stable circular orbits require additional forces!
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Cosmic Rays

2 - Sunspot Pairs

Sunspots often come in pairs with opposite magnetic polarity. They
approach each other and then merge.

Electric field E ∼ v × B up to 10 V/m.

Distance of 107 m

B = 0.2 T

v = 107 m/day

can give energies in GeV range for protons.
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Cosmic Rays

2 - Sunspot Pairs

Conclusion:

Same energies as Cyclotron, but doesn’t require additional forces!
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Cosmic Rays

3 - Shock Acceleration

Shock Wave Acceleration Situation 1: particle collides with shock front
head on.

Particle moves with velocity v

Shock front moves with velocity u1

Post shock front moves with velocity u2

Gas has relative velocity u1 − u2

∆E = 1
2m(v + (u1 − u2)2 − 1

2mv2

Linearly: ∆E
E ∼ 2 u1−u2

v

Relativistically: ∆E
E ∼ 4

3
u1−u2

c
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Cosmic Rays

3 - Shock Acceleration

Situation 2: particle within the shock front bouncing between inner and
outer front.

Particle moves with velocity v

Inner front moves with velocity u1 (up to 20 000 km/s)

Outer front moves with velocity u2 (100 - 1000 km/s)

(In galactic nuclei, u2 can even go up to 0.9 c)
Colliding with inner front: ∆E ∼ 1

2m(u2
2 + 2vu2)

Colliding with outer front: ∆E ∼ 1
2m(u2

1 − 2vu1)
On average: ∆E ∼ mv(u2 − u1)
∆E
E ∼ 2 u2−u1

v
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Cosmic Rays

3 - Shock Acceleration

Energies up to ∼ 100 TeV can be explained!

(Linear shock acceleration mechanisms are also called Fermi mechanism of
first order.)
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Cosmic Rays

4 - Fermi mechanism (of second order)

Cosmic/gamma-ray particles can interact with magnetic clouds.

Particle with velocity v .

Gas cloud with velocite u.

Method similar to lineair acceleration mechanisms.

If v and u parallel: ∆E ∼ 1
2m(2uv + u2)

If v and u anti-parallel: ∆E ∼ 1
2m(−2uv + u2)

On average: ∆E ∼ mu2

∆E
E ∼ 2 u2

v2
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On average: ∆E ∼ mu2

∆E
E ∼ 2 u2

v2
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Cosmic Rays

4 - Fermi mechanism (of second order)

∆E ∼ mu2

Quadratic in cloud velocity, hence Fermi mechanism ”of second order”.

Remains correct even relativistically.

Since cloud moves slowly, energy gain per collision is small. Acceleration
takes a long time.

Magnetic clouds have higher gas density and therefore higher interaction
probability.
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Cosmic Rays

4 - Fermi mechanism (of second order)

∆E ∼ mu2

Still, particles lose energy between collisions by interacting with
(inter)galactic gas.
Minimum initial energy is needed for particles.

This minimum energy could be provided by head on collision mechanism
(Fermi mechanism of first order).
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Cosmic Rays

5 - Pulsars

Pulsars: Spinning, magnetized neutron stars ∼ 20 km radius.

Due to small size, angular velocity is fast:

Tpulsar ∼ Tstar

R2
pulsar

R2
star

If Tstar ∼ 1 month, and Rstar ∼ 106 km, Tpulsar ∼ 1 ms.

vpulsar =
2πRpulsar

Tpulsar
∼ 4 · 106 m/s
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Cosmic Rays

5 - Pulsars

Assuming magnetic flux is conserved:

Bpulsar = Bstar

R2
pulsar

R2
star

if Bstar = 0.1 T, Bpulsar = 2.5 · 108 T

E ∼ vB when v and B are perpendicular ∼ 1015 V/m.

Single charged particles can gain 1000 TeV per meter!!
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Cosmic Rays

5 - Pulsars

Average pulsar accelerates ∼ 109 years worth of particles.

Age of the galaxy is ∼ 1010 years, 1 supernova per century.

Total of 108 pulsars have provided energy for accelerations so far.

Works out to energy density of 1.1 eV/cm3 from cosmic/gamma rays.
(∼ 1 eV/cm3 observed)
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Cosmic Rays

6 - Binaries

Binaries consisting of a normal star and a pulsar are an acceleration
candidate as well.
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Cosmic Rays

6 - Accretion discs

Energy protons gain, falling in from infinity, is E = G
mpMpulsar

Rpulsar
∼ 70 MeV.

If this all becomes kinetic energy 1
2mv2, we end up with a v ∼ 1.2 · 108

m/s.

The magnetic field of the neturon star produces a Lorentz force
F ∼ evB ∼ eE .

The particles obtain an energy from this force E =
∫
F · ds = evB∆s up

to ∼ 1019 eV.
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Cosmic Rays

6 - Accretion discs

Accretion disks around blackholes / galactic nuclei are even more powerful,
possibly responsible for the highest observed energies in cosmic rays.
Details however not yet fully understood.

Assumed that jets of highly relativistic particles are accelerated near a
black hole / nucleus of a galaxy and injected into its radiation field.

Both protons and electrons can produce high energy γ-rays by inverse
Compton scattering off accelerated electrons.

As a consequence of this, high-energy neutrinos are created in the decays
of charged pions. Detections can presumably be made only if the jets are
directed at us.
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Cosmic Rays

6 - Accretion discs
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Cosmic Rays

Summary

1 Cyclotron mechanism

2 Sunspot Pairs

3 Shock accelerations (frontal collision / colliding between inner and
outer fronts)

4 Fermi mechanism of second order (colliding with gas clouds)

5 Pulsars

6 Accretion disks of binary systems
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γ Rays

Gamma Ray Production (Omer)

γ Ray Production Mechanisms Review
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γ Rays

γ Rays from Supernova Remnants

γ-ray astronomy is important for determining the CR content of
astrophysical sources

In γ-rays one can observe photons emitted as a result of hadronic
CRs, which make up 99% of the CRs observed on Earth

Three different particle radiation processes are considered most
dominent in the supernova spectrum at γ-ray energy scales:

nuclear pion-production interactions
nonthermal electron bremsstrahlung
Compton scattering
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γ Rays

Model of Suprenova Explosion

The supernova explosion is modeled as an expanding spherical shell of
material that sweep up matter from the surrounding interstellar medium
(ISM)

Eke =
1

2
[M0 + Msu (t)]v2 (3)
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γ Rays

Model of Suprenova Explosion

The supernova explosion is modeled as an expanding spherical shell of
material that sweep up matter from the surrounding interstellar medium
(ISM)

dE su
ke (t)

dt
=

d

dt

[
1

2
Msu v2

]
=

1

2
Ṁsu v2 + Msu vv̇ (4)
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γ Rays

Density of the target particles for interactions

There are three targets available for particle-particle interactions

Explosion mass : nex (t) = M0/mpVsh(t)

Swept-up mass : increased by the comprassion ratio, for strong shock
the shell of swept-up mass has density nsu

∼= 4n0

ISM gas - n0
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γ Rays

Nuclear pion-production interactions

Rate of change of the Lorentz factor

−γ̇pp = Kpcσppn(t)γp

Energy-loss time scale

tpp = |γp/γ̇pp| = [Kpcσppn(t)]−1 ∼= 2.2× 1015/n(t) s

Expected luminosity

Lpp(t) ∼= ηpp Esu(t)
3tpp(t)
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γ Rays

Nonthermal electron bremsstrahlung

Rate of change of the Lorentz factor

−γ̇ff = kff αf cσT[ΣnZZ (Z + 1)]γe

Energy-loss time scale

tff (t) = |γe/γ̇ff | ∼= 8.0× 1014/n(t) s

Expected luminosity

Lff (t) ∼= ηff Esu(t)
tff (t)
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γ Rays

Compton scattering

Rate of change of the Lorentz factor

−γ̇C = (4/3)cσTUγγ
2
e/mec

2

Energy-loss time scale

tC (s)= |γe/γ̇C | = 7.7× 1019/γe s

Expected luminosity

LC (t) ∼= ηC Esu(t)
tC (t)
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γ Rays

Energy-loss time scales and γ-ray luminosities
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γ Rays

SNR seen on Earth in γ-Rays

Qπ
0 , Qbrem

0 , and QIC
0 gamma ray emissivities (cm−3 s−1 GeV−1)

Then the gamma ray flux observed at Earth, a distance d from the
SNR, is given by -

Fγ (Eγ , α) =
n1A1V

4πd2

[
Qπ

0 (Eγ , α) + Re Qbrem
0 (Eγ , α) +

Re

n1

QIC
0 (Eγ , α)

]
(5)
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γ Rays Break

Coffee Break and Discussion
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Propagation

Propagation Through Space

Cosmic Rays

Gamma Rays
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Propagation

Cosmic rays (CRs)

standard non-linear diffusive shock acceleration (DSA) gives steepest
spectrum E−2 � observed spectrum E−2.7

need to account for interaction with galactic magnetic field
turbulence

galactic magnetic field amplification � efficient CRs scatter back and
forth the SNR shock

self-consistent model:
efficient CRs acceleration � magnetic field amplification
feedback from amplified fields � efficient CR acceleration
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Propagation

general procedure

specify the CRs sources

define the CRs halo shape and boundary conditions (CRs freely exit
into intergalactic space)

account for energy loss or gain processes in interstellar medium (ISM)

nuclear fragmentation

radioactive decay of unstable nuclei
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Propagation

Galactic CRs diffusion model

steady state transport equation in ISM

−∇D∇Ψ +∇ (uΨ)− ∂

∂p

[
p2K

∂

∂p
(p−2Ψ)

]
− ∂

∂p

(
p
∇u
3

Ψ

)
+

∂

∂p
(ṗlossΨ) +

Ψ

τ
= q (6)

diffusion equation

D =
vrgB

2

12πkresW (kres)
=

vra
g

3 (1− a) k1−a
L

B2

δB2
L

(7)

GALPROP code for numerical simulation: solves (1) for nuclei,
p̄, e−, e+ ; computes γ-rays and synchrotron emission
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Propagation

Galactic CRs diffusion model

D determines the propagation of CRs in galactic magnetic fields

wave-particle interaction is of resonant character

diffusion of CRs from scattering by discontinuities in
magnetohydrodynamic (MHD) waves - δB � B

rg � l � CRs diffusion locally anisotropic

isotropization due to large scale (∼ 100pc) galactic magnetic field
fluctuations

the spectrum of the MHD turbulence, W (kres), determines the
diffusion coefficient in (2)

two proposed spectra
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isotropization due to large scale (∼ 100pc) galactic magnetic field
fluctuations

the spectrum of the MHD turbulence, W (kres), determines the
diffusion coefficient in (2)

two proposed spectra
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Propagation

MHD turbulence spectrum

Kolmogorov spectrum W (k) ∝ k−
5
3

- accounts for reacceleration of CRs by MHD
- leads to D ∝ v(p/Z )1/3

Iroshnikov-Kraichnan spectrum W (k) ∝ k−
3
2

- reacceleration with wave damping
- leads to D ∝ v(p/Z )1/2
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Propagation

secondary-to-primary ratio

key information on CRs propagation from the abundance of light
elements: 2H, 3H, Li, Be, B

produced by spallation of heavier primary with ISM

estimate secondary-to-primary ratio � B/C

allows to infer the MHD turbolence spectrum
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Propagation

B/C ratio
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Propagation

instabilities and plasma effects

ρCRs ' ρMHD

CRs propagating through ISM lead to plasma effects

streaming instability: magnetic field amplification by CRs near the
shock

Parker instability: short wavelenght MHD instability

both lead to amplification of magnetic fields at the supernova shock
� integral part of CRs acceleration

Galactic gas halo might not be static (galactic wind) � CRs exiting
the Galaxy increase the MHD turbulance � self-consistently
determines diffusion-convection of CRs
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Propagation

Photon propagation

γ-rays propagate freely propagate through ISM

their path might be deflected by gravitational lensing

they ”feel” the ISM magnetic field through the Faraday Effect
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Propagation

Observations

Space-born detectors:
Fermi- Large Area Telescope (LAT)
Astro-rivelatore Gamma a Immagini Leggero (AGILE) AGILE and
Fermi-LAT investigate complementary energy bands
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Propagation

Tycho SNR
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Propagation

Tycho SNR

among youngest SNR ever observed: remnant of SN Ia 1572

best place where to study DSA

Fermi-LAT (γ -rays) observation coincide with SNR (X-rays) position

synchrotron flux from X-ray and radio � ne and magnetic field � no
Inverse Compton (IC)

ngas exceeds X-ray observation and imply too energetic Sedov phase
� no Bremsstrahlung

no leptonic model � hadronic model (π0 decay)
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Propagation

Tycho SNR
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Propagation

SNRs and Molecular clouds interaction
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Propagation

SNRs and Molecular clouds interaction

SNRs interacting with nearby Molecular Clouds (MCs) are the most
luminous in γ-rays

interaction evidenced by OH maser emission at 1720 MHz

best observed SNRs: W44 and IC443

in both γ-ray spectrum peaked at 1Gev
lower energy cut-off below 200 MeV
higher energy cut-off above 200 GeV

fit the Fermi-LAT and AGILE data with π0 decay spectrum
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Propagation

W44 and IC443
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Ground Based Detection first ground based detections

first detections of SN

2 Green & Stephenson

including the sources of historical records. Finally, the future prospects for studies of
historical supernovae are briefly discussed in Sect. 5.

Table 1.Summary of the historical supernovae, and the source of their records

length of Historical Records
date visibility remnant Chinese Japanese Korean Arabic European
AD1604 12 months G4·5+6·8 few – many – many
AD1572 18 months G120·1+2·1 few – two – many
AD1181 6 months 3C58 few few – – –
AD1054 21 months Crab Nebula many few – one –
AD1006 3 years SNR327.6+14.6 many many – few two
AD393 8 months – one – – – –
AD386? 3 months – one – – – –
AD369? 5 months – one – – – –
AD185 8 or 20 months – one – – – –

2 Well-defined historical Supernovae

2.1 Kepler’s SN of AD 1604

The new star which appeared in the autumn of AD 1604 was discovered in Europe on
Oct 9, and first noticed only a day later in China, and by Koreanastronomers on Oct 13.
The supernova, which remained visible for a whole year, was extensively observed by
European astronomers, including Johannes Kepler, and thisSN is often referred to as
Kepler’s SN. Chinese and Korean astronomers kept a regular watch on it, and valuable
systematic Korean reports over many months are still preserved, as well as occasional
Chinese records. There are no known Japanese or Arab accounts of this star. The Euro-
pean positional measurements are far superior to those fromEast Asia (approximately
1 arcmin precision as compared with 1 degree). Favourable circumstances assisted the
discovery of the supernova, as it was only about 3 degrees to the north-west of the
planets Mars and Jupiter, which were then in conjunction. This conjunction was care-
fully watched by European astronomers in early October of AD1604, and was also
recorded in China. The peak brightness of the supernova probably did not occur until
late October, so that the supernova was detected well beforemaximum.

Chinese observations of the supernova are found in two approximately contempo-
rary sources: three records in the annalisticMing Shenzong Shilu, and a single record in
the dynastic history theMingshi. The guest star was first detected in China on AD 1604
Oct 9 and was finally lost to sight on AD 1605 Oct 7. Although theguest star was not
sighted in Korea until Oct 13 it attracted considerable attention there. An almost day-to-
day record of the Korean observations of the star over the first six months of visibility
is available, and the regular estimates of brightness parallel the European observations
– see Fig. 1. Nearly one hundred separate observations of theguest star are reported
in the Sonjo Sillok. Several brief accounts of the new star are also to be found inthe
Chungbo Munhon Pigo, a compendium dating from AD 1770.

We will take another look at the remnants of the highlighted supernovas
at the end of this presentation.
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Ground Based Detection first ground based detections

the electromagnetic spectrum observed so far
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Ground Based Detection air showers

characterization of airshowers

amount of particles

direction of main axis

spacial structure

spread in time

hadron content

fluctuations in
development

muon content

Andrea, Laura, Mark, Omer, Claudio (UvA) GRAPPA seminar June 11, 2013 60 / 74



Ground Based Detection air showers

different signatures

Cherenkov light

particles reaching the ground

radio emission (as well from
interaction with the
geomagnetic field)

air fluoresence

acoustic effects
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Ground Based Detection shower detection methods

particle detector arrays

sampling on arrival at ground level

some information on the state of the shower
from the arrival sequence of the current particle
generation

direction information from the charge
separation of the magnetic field and the
geometry / arrival times of the signal

example: Akeno Grand Air Shower
Array in Japan

takeing data since 1991

111 detectors

approx 1km spacing

measured gamma rays above the
GZK-cutoff
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Ground Based Detection shower detection methods

fly’s eyes: air fluoresence detectors

shower excites nitrogen in the atmosphere

isotropic emission of fluoresence light (300-400 nm band)

detection by PMTs

advantage: able to monitor large areas and therefore aimed to detect
rare ultra high gamma ray events

HiRes detector in Utah
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Ground Based Detection shower detection methods

Cherenkov telescopes: review of Cherenkov light

β < 1
n β > 1

n cos(Θ) = 1
β·n
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Ground Based Detection shower detection methods

Cherenkov telescope: H.E.S.S.

goal: restruct energy,
species and direction
of the initial particle
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Ground Based Detection air shower reconstruction

Cosmic Ray Simulations for Kascade

The CORSICA code:

interactions and cross-sections

decay and propagation
(ionization of the atmosphere,
energy loss)

(seasonal) composition of
atmoshere, different layers

earth magnetic field

A word of caution:

knowledge of high energy
interactions incomplete

extreme forward direction not
accesible at colliders
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Ground Based Detection air shower reconstruction

simulation results - photon, proton and iron at 1013eV

CORSIKA simulation 100TeV gamma ray
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Ground Based Detection some HESS results

RCW86 possibly the remnant of SN AD185

Discovery of gamma-ray emission from the SNR RCW 86 with H.E.S.S. 3

different background estimation procedures were used,
as described in Berge et al. (2007). For 2D image gen-
eration and morphology studies, the ring background
method was applied with a mean ring radius of 0.7◦. As
this method uses an energy averaged radial acceptance
correction, the reflected-region background method was
applied for spectral studies. In this second background
subtraction procedure, OFF events were selected from
the same field of view and in the same runs as the ON
events by selecting the region symmetric to the ON re-
gion with respect to the camera centre. As a cross-check,
a second analysis chain, sharing only the raw data and
using the “Combined Model” analysis (de Naurois et al.
2005), was also applied to the data. The two analysis
methods yield consistent results.

3. RESULTS

A clear VHE γ-ray signal of 8.5σ standard deviation
and 1546± 183 excess γ-rays is detected from a circular
region of 0.45◦ radius, centered on (αJ2000 = 14h42m43s,
δJ2000 = −62◦28′48′′). This integration region was cho-
sen a priori on the basis of the X-ray data obtained with
the ROSAT satellite and fully encompasses the SNR. Fig-
ure 1 shows the VHE γ-ray excess map of the 1.6◦×1.6◦

region around RCW 86. The map has been smoothed
with a Gaussian kernel with a σ of 4.8′ to suppress sta-
tistical fluctuations on scales smaller than the H.E.S.S.
point-spread function (PSF). The VHE γ-ray excess from
RCW 86 is significantly extended beyond the PSF of the
instrument, which is illustrated in the bottom left cor-
ner of Figure 1. Contours of constant significance are
superimposed in white at the 4, 5 and 6σ levels. An
excess map has also been produced with the so-called
“hard cuts” for better gamma hadron separation, which
includes a stricter cut of 200 photo electrons on the im-
age size compared to the “standard cuts”, and was found
to be compatible with Figure 1. The VHE emission
shown in Figure 1 is suggestive of a shell-like morphol-
ogy. To test this hypothesis, the brightness profile of a
thick shell projected along the line of sight and folded
with the H.E.S.S. point-spread function was fit to the
unsmoothed excess map. As illustrated in Figure 1, the
best fit (χ2/ndf = 233.1/220) is obtained with an outer
radius of 24.43′±1.79′stat, a width of 12.39′±4.22′stat and
a centre of the shell at (αJ2000 = 14h42m42.96s±14.1sstat,
δJ2000 = −62◦26′41.6′′ ± 66.5′′stat).
Figure 2 shows the radial profile of the VHE excess

relative to the fitted centre. The fit of the radial
profiles to the data points results in a chi-square per
degree of freedom of χ2/ndf = 2.85/7 for a projected
shell (determined by outer ring radius, ring width and
absolute normalization) which is not significantly better
than the fit of a projected uniformly-emitting sphere
characterized by a ring radius and a normalization
factor (χ2/ndf = 5.43/8). Also visible in Figure 1 is
an apparent deficit of γ-rays at the western part of
the SNR. However, the azimuthal profile in Figure 3 is
consistent with a constant and reveals that this dip is
not significant (χ2/ndf = 1.47/5).

Figure 4 shows the 3-6 keV X-ray map of RCW 86
obtained using six observations of the remnant carried
out by the XMM-Newton satellite in 2006 (Vink et al.
2006) and additional observations taken in 2007. The

Fig. 1.—: H.E.S.S. γ-ray image of RCW 86. The
map was smoothed with a Gaussian function with a
σsmooth = 4.8′ to reduce the effect of statistical fluctua-
tions. The linear color scale is in units of excess counts
per arcmin2. White contours correspond to 4, 5, 6 σ sig-
nificance, obtained by counting gamma rays within 0.14◦

from each given location. The image inset in the bottom
left corner indicates the size of a point source as seen
by H.E.S.S., for an equivalent analysis, smoothing and
zenith angles. The centre of the fitted shell, as discussed
in the text, is marked by a black cross. The two solid
green circles correspond to the inner and outer radii of
this shell.
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Fig. 2.—: Upper panel: H.E.S.S. radial profiles around
the fitted centre of the SNR (αJ2000 = 14h42m43s, δJ2000
= −62◦26’42”). The solid line shows the result of a
projected uniformly-emitting sphere smoothed with the
H.E.S.S. point-spread function and fitted to the H.E.S.S.
data. The dashed line corresponds to a projection of a
thick and spherically symmetric shell. The dotted verti-
cal line illustrates the extent of the region used for the
azimuthal profile and for the spectral analysis. Lower
panel: Radial profiles of the X-ray data (3-6 keV) from
XMM-Newton. These data are background subtracted
and smoothed to match the H.E.S.S. angular resolution.
Additionally, the obtained excess profile was normalized.

energy range was selected to avoid as much as possible
contamination from line emission from the, in general,
cool plasma (< 1 keV) of RCW 86. Potentially, the 3
- 4 keV range could contain some contamination from

excess counts of gamma rays (with
energy above 100GeV)

4 F. A. Aharonian et al. (H.E.S.S. Collaboration)
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Fig. 3.—: Upper panel: H.E.S.S. azimuthal profile
integrated over a region of 0.5◦ radius covering the SNR
RCW 86. The azimuthal angle is calculated with re-
spect to the fitted shell centre. 0◦ corresponds to the
North part of the source and 90◦ to the East. The solid
line shows the result of a fit of the data to a constant
which yields a chi-square of 1.47 for 5 degrees of freedom.
Lower panel: Azimuthal profiles of the X-ray data (3-6
keV) from XMM-Newton. These data are background
subtracted and smoothed to match the H.E.S.S. angular
resolution. Additionally, the obtained excess profile was
normalized.

Ar and Ca lines, but no such line emission is seen
in the available Chandra, XMM-Newton (Vink et al.
2006) or Suzaku spectra (Ueno et al. 2007). This
map was obtained by first automatically cleaning the
observations of > 3σ excursions to the mean count rate,
thus minimizing the background of the maps. Then,
for each observation and for each of the three detectors
(MOS1, MOS2, and PN), a background count rate in
the 3-6 keV band was determined using a relatively
empty region of the field of view. In the final stage,
the background image was subtracted from the count
rate image, and then corrected using the exposure maps
obtained with the standard XMM-Newton SAS 7.1.0
software (which includes vignetting correction), in order
to obtain the background corrected map displayed in
Figure 4. An overall positional agreement with the
H.E.S.S. contours derived from Figure 1 as well as a
good compatibility between the outer radius of the
γ-ray emission (24.43′ ± 1.79′stat) and the extension
of the X-ray emission can be observed. However, the
emission peak apparent in the X-ray azimuthal profile
is not visible in γ-rays (Figure 3). Furthermore, the
dip in surface brightness at the center of the remnant
seems more pronounced in the X-ray radial profiles
(Figure 2). A more detailed comparison of the γ-ray
and X-ray morphologies would require higher statistics
than presently available, and hence will have to await
future longer observations.

For the spectral analysis, the source region (ON region)
is defined by a circle of 0.5◦ radius centered on the best
fit position of the shell, chosen to fully enclose the whole
source. The radius of the extraction region is illustrated
in Figure 2. The spectrum obtained (see Figure 5) is
well described by a power-law with a photon index of
2.54 ± 0.12stat ± 0.20sys and a flux normalisation at 1
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Fig. 4.—: Excess contours of γ-ray emission (0.55,
0.8, 1.05 γ-rays per arcmin2 Gaussian smoothed with
σsmooth = 4.8′) superimposed on the background sub-
tracted XMM-Newton EPIC (MOS/PN) 3-6 keV X-ray
image of the remnant.

TeV of (3.72 ± 0.50stat ± 0.8sys) × 10−12cm−2s−1TeV−1

(χ2/ndf = 6.30/4). The integral flux in the energy range
1 - 10 TeV is (2.34 ± 0.3stat ± 0.5sys) × 10−12 cm−2s−1,
which corresponds to ∼ 10% of the integrated flux of the
Crab nebula in the same energy interval. No significant
improvement is obtained by fitting a power-law with an
exponential cut-off (χ2/ndf = 2.96/3). If the fit range
is restricted to energies below 10 TeV, a photon index
of 2.41± 0.16stat ± 0.20sys and a flux normalisation at 1
TeV of (3.57 ± 0.5stat ± 0.8sys) × 10−12cm−2s−1TeV−1

are determined (χ2/ndf = 0.68/2), compatible with the
fit of the SNR in the whole energy range.
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Fig. 5.—: Differential energy spectrum of RCW 86,
extracted from a circular region of 0.5◦ radius around
the position (αJ2000 = 14h42m43s, δJ2000 = −62◦26’42”)
adjusted to the H.E.S.S. data to enclose the whole source.
The solid line shows the result of a pure power-law fit.
The error bars denote 1σ statistical errors; the upper
limit (arrow) is estimated at the 2σ level. The bottom
panel shows the residuals to the power-law fit. Events
with energies between 600 GeV and 60 TeV were used in
the determination of the spectrum.

gamma ray map (here in white) in
comparison with the background

subtracted X-ray map
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Fig. 4. H.E.S.S.γ-ray image of SN 1006. The linear colour scale
is in units of excess counts perπ×(0.05◦)2. Points within(0.05◦)2

are correlated. The white cross indicates the geometrical centre
of the SNR obtained from XMM data as explained in the text and
the dashed circles correspond to R± dR as derived from the fit.
The white star shows the centre of the circle encompassing the
whole X-ray emission as derived by Rothenflug et al. (2004) and
the white triangle the centre derived by Cassam-Chenaı̈ et al.
(2008) from Hα data. The white contours correspond to a con-
stant X-ray intensity as derived from the XMM-Newton flux map
and smoothed to the H.E.S.S. point spread function, enclosing
respectively 80% , 60% , 40% and 20% of the X-ray emission.
The inset shows the H.E.S.S. PSF using an integration radiusof
0.05◦.
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Fig. 5. Radial profile around the centre of the SNR obtained from
H.E.S.S. data and XMM-Newton data in the 2 - 4.5 keV energy
band smoothed to H.E.S.S. PSF.

high-energy particle distribution is being observed; however, the uncer-
tainties on the spectrum preclude definitive conclusions onthis point.
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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 radii0.12◦ ≤ r ≤ 0.36◦ from the cen-
tre of the SNR. Azimuth0◦ corresponds to East,90◦ corresponds
to North,180◦ to West and−90◦ to South.
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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
correspond to the range of the power-law fit, taking into account
statistical errors.

Region photon indexΓ Φ(> 1TeV)
(10−12cm−2s−1)

NE 2.35± 0.14stat ± 0.2syst 0.233± 0.043stat ± 0.047syst

SW 2.29± 0.18stat ± 0.2syst 0.155± 0.037stat ± 0.031syst

Table 2. Fit results for power-law fits to the energy spectra.

5. Discussion

The source SN 1006 is an ideal example of a shell-type supernova rem-
nant because it represents a type Ia supernova exploding into an ap-
proximately uniform medium and magnetic field, thereby essentially
maintaining the spherical geometry of a point explosion. This can be
attributed to the fact that SN 1006 is about 500 pc above the Galactic
plane in a relatively clean environment, where the externalgas density
is rather low, nH ≈ 0.085 cm−3 as indicated by Katsuda et al. (2009).
Moreover, SN 1006 is one of the best-observed SNRs with a richdata-
set of astronomical multi-wavelength information in radio, optical and
X-rays, and all the important parameters like the ejected mass, its dis-
tance and age are fairly well-known [Cassam-Chenaı̈ et al. 2008]. For

2 HESS Collaboration et al.: First detection of VHEγ–rays from SN 1006 by H.E.S.S.

Contemporary interest in the very high energy (VHE) emission
from supernova remnants (SNRs) has arisen due to their association as
prime candidates for Galactic cosmic-ray acceleration. Firstly, Galactic
SNRs have sufficient kinetic energy to explain the estimated Galactic
luminosity in cosmic rays of 1040 erg/s. Secondly, and more impor-
tantly, it has been shown that diffusive shock acceleration provides a
viable mechanism which can efficiently accelerate charged particles in
the blast waves of SNRs (e.g. Drury 1983; Blandford & Eichler1987;
Jones & Ellison 1991; Berezhko et al. 1996). Indeed, most shell-type
SNRs are non-thermal radio emitters, which confirms that electrons are
accelerated up to at least GeV energies. Moreover, the limb-brightened
non-thermal radio emission traces the site of effective particle accelera-
tion.

The source SN 1006 was also the first SNR in which a non-thermal
component of hard X-rays was detected in the rims of the remnant
by ASCA [Koyama et al. 1995] and ROSAT [Willingale et al. 1996],
whereas the interior of the remnant exhibits a thermal spectrum with
line emission. The hard featureless power-law spectrum strongly im-
plies a synchrotron origin of the radiation, which in turn suggests that
electrons can be accelerated up to energies of∼ 100 TeV. Subsequent
arcsecond resolution images by Chandra revealed a small-scale struc-
ture in the nonthermal X-ray filaments of the NE rim of SN 1006
[Bamba et al. 2003, Long et al. 2003], supporting the idea of high B-
fields in the bright limbs of the remnant [Berezhko et al. 2002]. An
analysis of the X-ray observations from XMM-Newton by Rothenflug
et. al (2004) leads to the conclusion that the magnetic field in the rem-
nant is oriented in the NE-SW direction. The synchrotron emission
would then be concentrated in regions where the shock is quasi-parallel
[Völk et al. 2003].

Also, γ-ray observations of SN 1006 were carried out by ground-
based γ-ray telescopes. A TeVγ-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 subsequent
stereoscopic observations of the source with the H.E.S.S. telescopes in
2003 and 2004 found no evidence of VHEγ-ray emission and derived
an upper limit ofΦ(> 0.26 TeV)< 2.4×10−12 ph cm−2 s−1 at 99.9% con-
fidence level [Aharonian et al. 2005]. The CANGAROO-III telescope
array found only an upper limit which is consistent with the H.E.S.S.
result [Tanimori et al. 2005].

The initial non-detection of SN 1006 in VHEγ-rays does not in-
validate the hypothesis of nuclear particle acceleration in the shock.
Indeed, the hadronicγ-ray flux is very sensitive to the ambient gas
density nH and hence the H.E.S.S. upper limit implies a constraint on
nH < 0.1 cm−3 [Ksenofontov et al. 2005]. Indeed, being 500 pc above
the Galactic plane, the remnant is relatively isolated, andthe gas den-
sity around SN 1006 was recently estimated to be around 0.085cm−3

[Katsuda et al. 2009]. Ksenofontov et al. (2005) furthermore showed
that the lower limit for the VHEγ-ray flux, which is given by the inverse
Compton (IC) component derived from the integrated synchrotron flux
and field amplification alone, was only a factor 5 below the H.E.S.S.
upper limit. These predictions promoted deep observationswith the
H.E.S.S. telescopes.

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

H.E.S.S. is an array of four 13 m diameter imaging atmospheric
Cherenkov telescopes situated in the Khomas Highland in Namibia
at an altitude of 1800 m above sea level [Bernloehr et al. 2003,
Funk et al. 2004]. The source SN 1006 was observed in 2003 withthe
two telescopes that were operational at that time and with the complete
H.E.S.S. array in the years since. After run selection the data set com-
prises 130 hours (live time) of observations, of which 18 hours were
taken with two telescopes only. The latter yielded a smallereffective
area than the data set recorded with the full array. For that reason they
are used only in morphological studies and excluded in the spectral
analysis.

The data were analysed with theModel Analysis
[de Naurois & Rolland 2009], in which shower images of all trig-
gered telescopes are compared to a pre-calculated model by means of
a log-likelihood minimisation. The Model Analysis does notrely on
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Fig. 1. H.E.S.S.γ-ray significance map of SN 1006 using an in-
tegration radius of0.05◦. The linear colour scale is in units of
standard deviations. The white solid contours correspond to the
regions which contain 80% of the non-thermal X-ray emission
from the XMM-Newton flux map in the 2 - 4.5 keV energy range
after smearing with the H.E.S.S. PSF, shown in the inset. The
white dashed circles correspond to the regions that are excluded
from background determination.

any image-cleaning procedure and uses all pixels in the camera. The
noise distributions in the pixels due to the night sky background are
taken into account in the model fit and result in a superior treatment
of shower tails. Therefore the Model Analysis results in a more
precise reconstruction and better background suppressionthan more
conventional techniques, thus leading to improved sensitivity.

Two different sets of cuts were used: Thestandard cuts, including
a minimum image charge of 60 photoelectrons (Eth = 260 GeV), cover
the full energy range and are used for the spectral analysis only. The
hard cuts, with a larger charge cut of 200 photoelectrons, result in an
improved signal-to-background ratio at the expense of lower statistics
and a higher threshold of 500 GeV. These are used for the studies of
source morphology.

The results presented below have been cross-checked us-
ing the 3D Model Analysis [Lemoine-Goumard et al. 2006,
Naumann-Godo et al. 2009]. Both analyses yielded consistent
results.

Significant γ-ray emission is detected from the direction of
SN 1006, concentrated in two extended regions as shown in Fig. 1. This
map shows the significance over a field-of-view of 1◦ × 1◦ with a pixel
size of 0.005◦ obtained with hard cuts using the ring background sub-
traction technique [Berge et al. 2007] and a small integration radius of
0.05◦, close to the H.E.S.S. PSF ofR68 = 0.064◦. As the pixel size
is a factor 10 smaller than the integration radius, the bins are highly
correlated. In two regions of the map the significance of the H.E.S.S.
observation clearly exceeds 5σ.

The significance distribution over the field-of-view of 2◦ × 2◦ is
shown in Fig. 2, while Fig. 3 illustrates the area corresponding to the
significance above a given level. The black histogram in bothfigures
corresponds to the full field-of-view and exhibits strong deviation from
a normal distribution at large significance values. The red histogram,
restricted to the part of the field-of-view outside of the white dashed
circles (Fig. 1) is compatible with a normal distribution, as denoted by
the red dashed line (Fig. 2). This demonstrates that the distribution of

excess counts of gamma rays (with
energy above 260 GeV)
white region shows the earlier
measured X-ray distribution

significance in standard deviations
white region contains 80% of the
respective X-ray energy
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this reason, the semi-analytical models of Truelove & McKee(1999)
can be approximately applied and the velocity of the shock calculated.
The value of the shock velocity calculated by this means agrees well
with the recent measurement in X-rays by Katsuda et al. (2009), yield-
ing (0.48±0.04) arcsec yr−1 in the synchrotron emitting regions (NE and
SW), which corresponds to 5000± 400 km/s for a distance of 2.2 kpc.
This does not contradict the value of (0.28±0.008) arcsec yr−1 measured
by Winkler et al. (2003) in the optical filaments, which are situated in
the NW region of the remnant. All those calculations neglectthe dy-
namic role of accelerated particles however, which is potentially quite
important.

The basic model of VHEγ-ray production requires particles accel-
erated to multi-TeV energies and a target comprising photons and/or
matter of sufficient density. The close correlation between X-ray and
VHE-emission points toward particle acceleration in the strong shocks
revealed by the Chandra observation of the X-ray filaments. Moreover,
the bipolar morphology of the VHE-emission in the NE and SW re-
gions of the remnant supports a major result of diffusive shock ac-
celeration theory, according to which efficient injection of suprather-
mal downstream charged nuclear ions is only possible for sufficiently
small angles between the ambient magnetic field and shock normal, and
therefore a higher density of accelerated nuclei at the poles is predicted
[Ellison et al. 1995, Malkov & Völk 1995, Völk et al. 2003].

Radio [Reynolds 1996] and X-ray [Bamba et al. 2008] data inte-
grated over the full remnant were combined with VHEγ-ray measure-
ments to model the spectral energy distribution of the source in a simple
one-zone stationary model. For the sake of consistency, theVHE γ-ray
energy distribution was determined from the sum of the two previously
defined regions. In this phenomenological model the currentdistribu-
tion of particles (electrons and/or protons) is prescribed with a given
spectral shape corresponding to a power law with an exponential cutoff,
from which emission due to synchrotron radiation, bremsstrahlung and
IC scattering on the Cosmic Microwave Background (CMB) photons is
computed. Theπ0 production through interactions of protons with the
ambient matter are obtained following Kelner et al. (2006).

It is clear that this model oversimplifies the acceleration process
in an expanding remnant, as discussed by e.g. Drury et al. (1989) and
Berezhko et al. (1996). In addition one must include the uncertainties
introduced by the dynamics of the ejecta, the nonuniform structure of
the ambient medium and the complexities of the reaction of the accel-
erated particles on both the magnetic field and the remnant dynamics.
This is of importance when comparing the data to the model results
below.

Assuming first a purely leptonic form (Fig. 8, top), the radioand
X-ray data constrain the synchrotron part of the SED in a way that the
slope of the electron spectrum, which is particularly sensitive to the
slope of the radio data, is bounded between 2.0 and 2.2, whilethe cutoff
energy of electrons is limited to about 10 TeV by the X-ray data assum-
ing a magnetic field of 30µG. With the particle spectrum constrained
by radio and X-ray data, the resulting magnetic field needs tobe higher
than 30µG so that the IC emission does not exceed the measured VHE-
flux. A magnetic field of 30µG implies that assuming Bohm diffusion,
electrons of 1 TeV are confined in a shell of the width of 10 arcseconds,
which is much smaller than the PSF of the H.E.S.S. instrumentand is
therefore compatible with the radial profile shown in Fig. 5.However,
while this simple leptonic scenario can account for the measured VHE
γ-ray flux, it fails to reproduce the slope of the VHE spectrum,which is
much harder than the expectations from the IC process (see Fig. 8 top).
But it should be noted that non-linear Fermi shock acceleration as re-
viewed by Malkov & Drury (2001) usually predicts curved cosmic ray
spectra with different spectral shapes for protons and electrons. There is
a hint of spectral curvature observed in the case of Tycho’s and Kepler’s
supernova remnants in the radio regime [Reynolds & Ellison 1992]. For
SN 1006 there is also an indication of the curvature of the electron spec-
trum in the GeV to TeV energy range [Allen et al. 2008]. These non-
linear effects, which also might well introduce a spectral curvature in
the VHE regime, are not addressed by this simple model.

In a second dominantly hadronic model (Fig. 8, middle) TeV emis-
sion results from proton-proton interactions withπ0-production and
subsequent decay, whereas the X-ray emission is still produced by lep-
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Fig. 8. Broadband SED models of SN 1006 for a leptonic
scenario (top), a hadronic one (centre) and a mixed lep-
tonic/hadronic scenario (bottom). Top: Modelling was done by
using an electron spectrum in the form of a power law with an
index of 2.1, an exponential cutoff at 10 TeV and a total en-
ergy of We = 3.3 × 1047 erg. The magnetic field amounts to
30 µG. Centre: Modelling using a proton spectrum in the form
of a power law with an index of 2.0, an exponential cutoff at
80 TeV and a total proton energy ofWp = 3.0 × 1050 erg (us-
ing a lower energy cut off of 1 GeV). The electron/proton ratio
above 1 GeV wasKep = 1× 10−4 with an electron spectral index
of 2.1 and cutoff energy at 5 TeV. The magnetic field amounts to
120µG and the average medium density is 0.085 cm−3. Bottom:
Modelling using a mixture of the above two cases. The total pro-
ton energy wasWp = 2.0× 1050 erg, withKep = 7× 10−3, with
exponential cutoffs at 8 TeV and 100 TeV for electrons and pro-
tons respectively. The magnetic field amounts to 45µG. The ra-
dio data [Reynolds 1996], X-ray data [Bamba et al. 2008] and
H.E.S.S. data (sum of the two regions) are indicated. The follow-
ing processes have been taken into account: synchrotron radia-
tion from primary electrons (dashed black lines), IC scattering
(dotted red lines), bremsstrahlung (dot-dashed green lines) and
proton-proton interactions (dotted blue lines). The Fermi/LAT
sensitivity for one year is shown (pink) for Galactic (upper) and
extragalactic (lower) background. The latter is more representa-
tive given that SN 1006 is14◦ north of the Galactic plane.
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this reason, the semi-analytical models of Truelove & McKee(1999)
can be approximately applied and the velocity of the shock calculated.
The value of the shock velocity calculated by this means agrees well
with the recent measurement in X-rays by Katsuda et al. (2009), yield-
ing (0.48±0.04) arcsec yr−1 in the synchrotron emitting regions (NE and
SW), which corresponds to 5000± 400 km/s for a distance of 2.2 kpc.
This does not contradict the value of (0.28±0.008) arcsec yr−1 measured
by Winkler et al. (2003) in the optical filaments, which are situated in
the NW region of the remnant. All those calculations neglectthe dy-
namic role of accelerated particles however, which is potentially quite
important.

The basic model of VHEγ-ray production requires particles accel-
erated to multi-TeV energies and a target comprising photons and/or
matter of sufficient density. The close correlation between X-ray and
VHE-emission points toward particle acceleration in the strong shocks
revealed by the Chandra observation of the X-ray filaments. Moreover,
the bipolar morphology of the VHE-emission in the NE and SW re-
gions of the remnant supports a major result of diffusive shock ac-
celeration theory, according to which efficient injection of suprather-
mal downstream charged nuclear ions is only possible for sufficiently
small angles between the ambient magnetic field and shock normal, and
therefore a higher density of accelerated nuclei at the poles is predicted
[Ellison et al. 1995, Malkov & Völk 1995, Völk et al. 2003].

Radio [Reynolds 1996] and X-ray [Bamba et al. 2008] data inte-
grated over the full remnant were combined with VHEγ-ray measure-
ments to model the spectral energy distribution of the source in a simple
one-zone stationary model. For the sake of consistency, theVHE γ-ray
energy distribution was determined from the sum of the two previously
defined regions. In this phenomenological model the currentdistribu-
tion of particles (electrons and/or protons) is prescribed with a given
spectral shape corresponding to a power law with an exponential cutoff,
from which emission due to synchrotron radiation, bremsstrahlung and
IC scattering on the Cosmic Microwave Background (CMB) photons is
computed. Theπ0 production through interactions of protons with the
ambient matter are obtained following Kelner et al. (2006).

It is clear that this model oversimplifies the acceleration process
in an expanding remnant, as discussed by e.g. Drury et al. (1989) and
Berezhko et al. (1996). In addition one must include the uncertainties
introduced by the dynamics of the ejecta, the nonuniform structure of
the ambient medium and the complexities of the reaction of the accel-
erated particles on both the magnetic field and the remnant dynamics.
This is of importance when comparing the data to the model results
below.

Assuming first a purely leptonic form (Fig. 8, top), the radioand
X-ray data constrain the synchrotron part of the SED in a way that the
slope of the electron spectrum, which is particularly sensitive to the
slope of the radio data, is bounded between 2.0 and 2.2, whilethe cutoff
energy of electrons is limited to about 10 TeV by the X-ray data assum-
ing a magnetic field of 30µG. With the particle spectrum constrained
by radio and X-ray data, the resulting magnetic field needs tobe higher
than 30µG so that the IC emission does not exceed the measured VHE-
flux. A magnetic field of 30µG implies that assuming Bohm diffusion,
electrons of 1 TeV are confined in a shell of the width of 10 arcseconds,
which is much smaller than the PSF of the H.E.S.S. instrumentand is
therefore compatible with the radial profile shown in Fig. 5.However,
while this simple leptonic scenario can account for the measured VHE
γ-ray flux, it fails to reproduce the slope of the VHE spectrum,which is
much harder than the expectations from the IC process (see Fig. 8 top).
But it should be noted that non-linear Fermi shock acceleration as re-
viewed by Malkov & Drury (2001) usually predicts curved cosmic ray
spectra with different spectral shapes for protons and electrons. There is
a hint of spectral curvature observed in the case of Tycho’s and Kepler’s
supernova remnants in the radio regime [Reynolds & Ellison 1992]. For
SN 1006 there is also an indication of the curvature of the electron spec-
trum in the GeV to TeV energy range [Allen et al. 2008]. These non-
linear effects, which also might well introduce a spectral curvature in
the VHE regime, are not addressed by this simple model.

In a second dominantly hadronic model (Fig. 8, middle) TeV emis-
sion results from proton-proton interactions withπ0-production and
subsequent decay, whereas the X-ray emission is still produced by lep-
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Fig. 8. Broadband SED models of SN 1006 for a leptonic
scenario (top), a hadronic one (centre) and a mixed lep-
tonic/hadronic scenario (bottom). Top: Modelling was done by
using an electron spectrum in the form of a power law with an
index of 2.1, an exponential cutoff at 10 TeV and a total en-
ergy of We = 3.3 × 1047 erg. The magnetic field amounts to
30 µG. Centre: Modelling using a proton spectrum in the form
of a power law with an index of 2.0, an exponential cutoff at
80 TeV and a total proton energy ofWp = 3.0 × 1050 erg (us-
ing a lower energy cut off of 1 GeV). The electron/proton ratio
above 1 GeV wasKep = 1× 10−4 with an electron spectral index
of 2.1 and cutoff energy at 5 TeV. The magnetic field amounts to
120µG and the average medium density is 0.085 cm−3. Bottom:
Modelling using a mixture of the above two cases. The total pro-
ton energy wasWp = 2.0× 1050 erg, withKep = 7× 10−3, with
exponential cutoffs at 8 TeV and 100 TeV for electrons and pro-
tons respectively. The magnetic field amounts to 45µG. The ra-
dio data [Reynolds 1996], X-ray data [Bamba et al. 2008] and
H.E.S.S. data (sum of the two regions) are indicated. The follow-
ing processes have been taken into account: synchrotron radia-
tion from primary electrons (dashed black lines), IC scattering
(dotted red lines), bremsstrahlung (dot-dashed green lines) and
proton-proton interactions (dotted blue lines). The Fermi/LAT
sensitivity for one year is shown (pink) for Galactic (upper) and
extragalactic (lower) background. The latter is more representa-
tive given that SN 1006 is14◦ north of the Galactic plane.

hadronic scenario
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this reason, the semi-analytical models of Truelove & McKee(1999)
can be approximately applied and the velocity of the shock calculated.
The value of the shock velocity calculated by this means agrees well
with the recent measurement in X-rays by Katsuda et al. (2009), yield-
ing (0.48±0.04) arcsec yr−1 in the synchrotron emitting regions (NE and
SW), which corresponds to 5000± 400 km/s for a distance of 2.2 kpc.
This does not contradict the value of (0.28±0.008) arcsec yr−1 measured
by Winkler et al. (2003) in the optical filaments, which are situated in
the NW region of the remnant. All those calculations neglectthe dy-
namic role of accelerated particles however, which is potentially quite
important.

The basic model of VHEγ-ray production requires particles accel-
erated to multi-TeV energies and a target comprising photons and/or
matter of sufficient density. The close correlation between X-ray and
VHE-emission points toward particle acceleration in the strong shocks
revealed by the Chandra observation of the X-ray filaments. Moreover,
the bipolar morphology of the VHE-emission in the NE and SW re-
gions of the remnant supports a major result of diffusive shock ac-
celeration theory, according to which efficient injection of suprather-
mal downstream charged nuclear ions is only possible for sufficiently
small angles between the ambient magnetic field and shock normal, and
therefore a higher density of accelerated nuclei at the poles is predicted
[Ellison et al. 1995, Malkov & Völk 1995, Völk et al. 2003].

Radio [Reynolds 1996] and X-ray [Bamba et al. 2008] data inte-
grated over the full remnant were combined with VHEγ-ray measure-
ments to model the spectral energy distribution of the source in a simple
one-zone stationary model. For the sake of consistency, theVHE γ-ray
energy distribution was determined from the sum of the two previously
defined regions. In this phenomenological model the currentdistribu-
tion of particles (electrons and/or protons) is prescribed with a given
spectral shape corresponding to a power law with an exponential cutoff,
from which emission due to synchrotron radiation, bremsstrahlung and
IC scattering on the Cosmic Microwave Background (CMB) photons is
computed. Theπ0 production through interactions of protons with the
ambient matter are obtained following Kelner et al. (2006).

It is clear that this model oversimplifies the acceleration process
in an expanding remnant, as discussed by e.g. Drury et al. (1989) and
Berezhko et al. (1996). In addition one must include the uncertainties
introduced by the dynamics of the ejecta, the nonuniform structure of
the ambient medium and the complexities of the reaction of the accel-
erated particles on both the magnetic field and the remnant dynamics.
This is of importance when comparing the data to the model results
below.

Assuming first a purely leptonic form (Fig. 8, top), the radioand
X-ray data constrain the synchrotron part of the SED in a way that the
slope of the electron spectrum, which is particularly sensitive to the
slope of the radio data, is bounded between 2.0 and 2.2, whilethe cutoff
energy of electrons is limited to about 10 TeV by the X-ray data assum-
ing a magnetic field of 30µG. With the particle spectrum constrained
by radio and X-ray data, the resulting magnetic field needs tobe higher
than 30µG so that the IC emission does not exceed the measured VHE-
flux. A magnetic field of 30µG implies that assuming Bohm diffusion,
electrons of 1 TeV are confined in a shell of the width of 10 arcseconds,
which is much smaller than the PSF of the H.E.S.S. instrumentand is
therefore compatible with the radial profile shown in Fig. 5.However,
while this simple leptonic scenario can account for the measured VHE
γ-ray flux, it fails to reproduce the slope of the VHE spectrum,which is
much harder than the expectations from the IC process (see Fig. 8 top).
But it should be noted that non-linear Fermi shock acceleration as re-
viewed by Malkov & Drury (2001) usually predicts curved cosmic ray
spectra with different spectral shapes for protons and electrons. There is
a hint of spectral curvature observed in the case of Tycho’s and Kepler’s
supernova remnants in the radio regime [Reynolds & Ellison 1992]. For
SN 1006 there is also an indication of the curvature of the electron spec-
trum in the GeV to TeV energy range [Allen et al. 2008]. These non-
linear effects, which also might well introduce a spectral curvature in
the VHE regime, are not addressed by this simple model.

In a second dominantly hadronic model (Fig. 8, middle) TeV emis-
sion results from proton-proton interactions withπ0-production and
subsequent decay, whereas the X-ray emission is still produced by lep-
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Fig. 8. Broadband SED models of SN 1006 for a leptonic
scenario (top), a hadronic one (centre) and a mixed lep-
tonic/hadronic scenario (bottom). Top: Modelling was done by
using an electron spectrum in the form of a power law with an
index of 2.1, an exponential cutoff at 10 TeV and a total en-
ergy of We = 3.3 × 1047 erg. The magnetic field amounts to
30 µG. Centre: Modelling using a proton spectrum in the form
of a power law with an index of 2.0, an exponential cutoff at
80 TeV and a total proton energy ofWp = 3.0 × 1050 erg (us-
ing a lower energy cut off of 1 GeV). The electron/proton ratio
above 1 GeV wasKep = 1× 10−4 with an electron spectral index
of 2.1 and cutoff energy at 5 TeV. The magnetic field amounts to
120µG and the average medium density is 0.085 cm−3. Bottom:
Modelling using a mixture of the above two cases. The total pro-
ton energy wasWp = 2.0× 1050 erg, withKep = 7× 10−3, with
exponential cutoffs at 8 TeV and 100 TeV for electrons and pro-
tons respectively. The magnetic field amounts to 45µG. The ra-
dio data [Reynolds 1996], X-ray data [Bamba et al. 2008] and
H.E.S.S. data (sum of the two regions) are indicated. The follow-
ing processes have been taken into account: synchrotron radia-
tion from primary electrons (dashed black lines), IC scattering
(dotted red lines), bremsstrahlung (dot-dashed green lines) and
proton-proton interactions (dotted blue lines). The Fermi/LAT
sensitivity for one year is shown (pink) for Galactic (upper) and
extragalactic (lower) background. The latter is more representa-
tive given that SN 1006 is14◦ north of the Galactic plane.

mixed scenario
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SHALL WE DO ONE SLIDE WITH ALL CONCLUSIONS FROM THE
SECOND PART FOR THE DISCUSSION?
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Another Coffee? And Discussion..
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The End
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