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Abstract. The properties of the Galactic supernova
remnant (SNR) SN 1006 are theoretically reanalysed.
We use nonlinear kinetic theory to determine the
acceleration efficiency of cosmic rays (CRs) in the
supernova remnant SN 1006. The known range
of astronomical parameters and the existing measurements of nonthermal emission are examined in
order to define the values of the relevant physical
parameters which determine the CR acceleration
efficiency. It is shown that the parameter values –
proton injection rate, electron to proton ratio and
downstream magnetic field strength –are determined
with the appropriate accuracy. These parameters,
provide a good fit to the existing data, including the
recently detected TeV emission by H.E.S.S. SN 1006
represents the first example where a high efficiency of
CR production, required for the Galactic CR sources,
is consistently established.
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I. I NTRODUCTION
Cosmic rays (CRs) below the energy 1017 eV
are believed to be accelerated in the shell-type supernova remnants (SNRs) of our Galaxy, e.g. [1]. However, this proposition has still only a limited observational/theoretical basis. To ensure that Galactic SNRs
are indeed the main sources of the Galactic CRs one
needs to have a number of SNRs with clearly determined
astronomical parameters, like the type of supernova
explosion, the SNR age, the distance, and the properties
of the circumstellar medium. Applying to such SNRs
an appropriate model which consistently describes the
dynamics of the SNR, one can predict the properties of
the accelerated particles and all dynamical and radiative
effects which they produce, like the shock modification
and the multi-wavelength nonthermal emission.
The success of the theoretical model is judged by
comparison with the experimentally determined overall
broad band spectrum and with the morphological characteristics of the SNR, like its filament structures and the
general radial and azimuthal variations of the emission
pattern, as well as the internal dynamics characterized
by the contact discontinuity between ejected and sweptup mass. From the point of view of Galactic CR origin,
the key quantity is the efficiency of CR production.

In practice such a program is usually hampered by the
limited amount and detail of relevant observations. First
of all, the astronomical parameters of SNRs are as a
rule poorly known. Even though the SNR age is known
for several historical SNRs, the distance is usually quite
uncertain. In this regard SN 1006 is an exception: the
distance was determined using optical measurements
with relatively high precision [2].
The other problem is that even the presently most
advanced nonlinear kinetic theory of CR acceleration in
SNRs [3], [4] contains physical parameters which can
not yet be theoretically calculated with the necessary
precision, e.g. [5]. This concerns the magnitude and the
spatial distribution of the injection rates of ions and of
electrons into the diffusive shock acceleration process
as well as the extent of magnetic field amplification in
this process. Fortunately, the values of these parameters
can be inferred from the observed radio and X-ray
synchrotron spectra if they are measured in sufficient
detail, e.g. [6], [7]. In such a case this theory provides a
consistent if still approximate description of both SNR
and CR dynamics, and the properties of the emission
produced by the accelerated particles. In particular, the
theory predicts the high-energy γ-ray spectrum.
Up to now SN 1006 is the only example, for which all
astronomical parameters are quite well known, e.g. [8]. It
was already shown [9] with the then available empirical
knowledge that nonlinear kinetic theory is consistent
with all observational data, including the H.E.S.S. upper
limit of the Very High Energy (VHE:above 100 GeV) γray emission. In the meantime the nonthermal emission
in the radio and X-ray bands has been measured quite
accurately with Chandra [10] and Suzaku [11]. Beyond
that, the VHE emission of SN 1006 has been recently
detected with H.E.S.S., both regarding its flux and its
morphology [13]. This makes SN 1006 even more suitable for theoretical study and for a detailed comparison
with the experimental data.
In this paper we shall demonstrate that the values
of the relevant physical parameters are determined for
SN 1006 with appropriate accuracy from the measured
synchrotron spectrum.
II. R ESULTS AND

DISCUSSION

Since SN 1006 is a type Ia supernova it presumably expands into a uniform ISM, ejecting roughly a
Chandrasekhar mass Mej = 1.4M⊙. Since the gas
density indeed varies only mildly across the SNR [14],

2

BEREZHKO et al. CR ACCELERATION PARAMETERS OF SN 1006

it appears reasonable to assume also the circumstellar
magnetic field to be uniform. The ISM mass density
ρ0 = 1.4mp NH , which is usually characterized by the
hydrogen number density NH , is an important parameter
which strongly influences the expected SNR dynamics
and nonthermal emission.
The values of the SN explosion energy Esn = 1.8 ×
1051 erg and Esn = 1.5 × 1051 erg were taken to fit the
observed shock size Rs and shock speed Vs [15] at the
current epoch t ≈ 103 yr for the ISM number densities
NH = 0.05 cm−3 and NH = 0.035 cm−3 , respectively.
These densities are consistent with the observed level of
the VHE emission (see below).
We shall take as the most reliable estimate for the
distance d = 2.2 kpc [2].
As in our earlier study [9] we apply here nonlinear
kinetic theory of CR acceleration in SNRs to find the
optimum set of physical parameters of SN 1006 which
gives a consistent description of the observed overall
dynamics and of the nonthermal emission together with
its morphology. The theory includes all the important
physical factors which influence CR acceleration and
SNR dynamics: shock modification by CR backreaction,
MHD wave damping within the shock transition, a
consistently determined CR spectrum, and the spatial
distributions in each evolutionary phase. In addition
it includes synchrotron losses of CR electrons and a
determination of all nonthermal emission processes, produced in SNRs by the accelerated CRs. It had also been
shown that the values of these key parameters (proton
injection rate η, electron to proton ratio Kep and interior
(downstream) magnetic field strength Bd ) which can not
be predicted theoretically with the required accuracy, can
be determined from a fit of the observed synchrotron
emission data. It is of basic importance here that the
parameter values for SN 1006, determined in this way,
were very well confirmed by the Chandra measurements
of the fine structure of the nonthermal X-ray emission
[16], [17], as analyzed by [18], [19]. Compared with
our previous study [9] we include in the analysis the
most accurate X-ray data of Chandra [10] and Suzaku
[11], that make it possible to quite precisely determine
the acceptable range of these parameter values. Since
we are not interested in the escaping particles in this
context, B0 is taken as time-independent.
Fig. 1 and 2 illustrate the consistency of the synchrotron spectrum, calculated with the best set of parameters ( η = 3×10−4 , Kep = 4×10−4 , B0 = 30 µG) with
the observed spatially integrated spectra. Here we define
B0 ≡ Bd /σ, where σ is the overall shock compression
ratio. In this sense B0 is a measure of the magnetic field
amplification in the upstream precursor.
We note that the values α > 0.5 of the radio spectral
index α = −d ln Sν /d ln ν, as observed in young SNRs,
require a curved electron spectrum that hardens to higher
energies as predicted by nonlinear shock acceleration
models. To have α = 0.57 in the radio range, as observed for SN 1006, one needs efficient CR acceleration

Fig. 1. Synchrotron radio emission flux as a function of frequency,
calculated at the proton injection rate η = 3×10−4 , electron to proton
ratio, Kep = 4 × 10−4 , and magnetic field strength B0 = 30 µG
upstream of the subshock . The observed radio emission flux from a
compilation of [10] (see also [20]) is shown.

Fig. 2. X-ray synchrotron emission flux as a function of photon
energy for the same case as in Fig.1 (solid line). Calculations for
B0 = 27 µG (dashed line) and for B0 = 33 µG (dash-dotted line)
are also presented. The observed X-ray flux from Chandra for a small
region of the bright eastern rim of SN 1006 [10], and the global X-ray
spectrum as observed by Suzaku [11] are shown. The Chandra X-ray
flux was normalized such as to be consistent with the Suzaku flux for
energies ǫ > 3 keV.

with a proton injection rate η = 3 × 10−4 which leads
to the required shock modification, and also leads to
a high interior magnetic field Bd ≥ 130 µG. Detailed
X-ray synchrotron spectral measurements are, however,
required to find the optimum value of the magnetic field
strength Bd [9]: for a given fit of the synchrotron spectrum in the radio range the X-ray synchrotron amplitude
is very sensitive to Bd . We note that the synchrotron
spectrum is almost insensitive to the ISM density NH
e.g. [9].
To obtain the fit to the data shown in Fig. 1 and
Fig. 2 we have asserted that only the highest energy part
of the observed global X-ray spectrum, corresponding
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Fig. 3.
Contours of equal values of χ2 , corresponding to the
successive increase ∆χ2 = 1, in the plane that is spanned by
the electron to proton ratio Kep and the proton injection rate η.
The asterisk corresponds to the best fit values η = 3 × 10−4 and
Kep = 4 × 10−4 with χ2 /dof = 1.3.

to ǫ > 2 keV, is of predominantly nonthermal origin.
Towards lower energies ǫ < 2 keV the contribution of
thermal emission to this X-ray spectrum progressively
increases. Therefore we use for our consideration the
X-ray Chandra flux from a small region of the bright
north eastern rim of SN 1006 [10], where the contributions from thermal X-rays are presumably negligible
compared with other remnant regions [10], [8]. In order
to apply it to the whole remnant, this X-ray flux was
normalized to be consistent at energies ǫ > 2 keV with
the global X-ray spectrum as observed by Suzaku [11].
This consistency in fact exists.
Comparison with the experimental X-ray data shows
in Figs. 1 and 2 that the optimum magnetic field value
is B0 = 30 µG, and corresponds to a downstream field
Bd ≈ 150 µG. This is in agreement with the field
amplification that is implied by the filamentary structures
in hard X-rays [12].
The quality of fit of the radio spectrum, and of the
X-ray spectra for ǫ > 2 keV, for B0 = 30 µG is
characterised by the value χ2 /dof = 1.3. A change of
the magnetic field strength value by only 10 % leads to
an increase of χ2 by ≈ 1.
In Fig. 3, we the present the contours of χ2 characterizing the quality of fit of the radio spectrum, and of
the X-ray spectrum for ǫ > 2 keV, for different values
of η and Kep . One can see that the quality of the fit is
rather good, allowing only a rather small range of these
parameters.
The γ-ray morphology, as found in the H.E.S.S.
measurements [13], is consistent with the prediction of
a polar cap geometry by [21]. Such a geometry has
been also found experimentally from an analysis of the
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synchrotron morphology in hard X-rays by [22] and
[8]. This means that the γ-ray emission calculated in
our spherically symmetric model must be renormalized
(reduced) by a factor fre ≈ 0.2, as in [9]. We apply this
renormalization factor here.
This morphology is also a key argument for the
existence of an energetically dominant nuclear CR component in SN 1006, because only such a component can
amplify the magnetic field to the observed degree. If on
the contrary the existing energetic electron component
would have to drive the magnetic field amplification
all by itself then we would, as a minimum, require
Pe ≫ B02 /(8π), where Pe is the pressure of CR
< Kep Pp , where
electrons at the shock front. Clearly Pe ∼
Pp is the pressure of CR protons. Since Pp ≈ 0.5ρ0 Vs2
we have Pe ≈ 0.07B02 /(8π) for NH = 0.05 cm−3 and
Vs ≈ 4000 km/s. Therefore accelerated electrons are
unable to amplify the magnetic field to the required level.
On the other hand, an effectively accelerated nuclear
component has the pressure Pp ≈ 200B02 /(8π) and
can therefore readily amplify the field from a purely
energetic point of view.
The amplified field must also be the reason for the
corresponding polar cap-type morphology of the synchrotron emission in hard X-rays. Even though the weak
radio synchrotron emission all around the periphery
of SN 1006 [22], [8] demonstrates that electrons are
injected essentially everywhere into the acceleration process over the shock, they reach the multi-TeV energies
for X-ray synchrotron emission only in the polar caps,
where the amplified field allows their acceleration to
these energies.
The only important parameter which can not be determined from the analysis of the synchrotron emission
data is the external density NH . Therefore we have
performed the calculations for the pair of values NH =
0.05 cm−3 and NH = 0.035 cm−3 which seems to
bracket the density range consistent with the H.E.S.S.
γ-ray measurements.
Fig. 4 shows the total (π 0 -decay plus inverse Compton
(IC)) and the IC γ-ray energy spectra of the remnant,
calculated for NH = 0.05 cm−3 and NH = 0.035 cm−3 .
H.E.S.S. has reported the measured value of the
energy flux Φ(ǫ1 , ǫ2 ) = 2.5 × 10−12 erg/(cm2 s) of γrays with energies ǫ1 ≤ ǫγ ≤ ǫ2 where ǫ1 = 0.2 TeV
and ǫ2 = 40 TeV. It is related with the differential γ-ray
energy spectrum according to the expression
Z ǫ2
ǫ2
dFγ
dFγ
d ln ǫγ = ln
< ǫ2
>,
ǫ2γ
Φ(ǫ1 , ǫ2 ) =
dǫγ
ǫ1
dǫ
ǫ1
which gives the mean experimental value of the differential energy flux < ǫ2 dFγ /dǫ >= Φ(ǫ1 , ǫ2 )/ ln(ǫ2 /ǫ1 ),
shown in Fig. 4.
According to Fig. 4 the H.E.S.S. data are consistent
with an ISM number density from quite a narrow
interval 0.03 ≤ NH ≤ 0.05 cm−3 , since for our
theoretically derived γ-ray spectrum we have Φ =
2.1×10−12 erg/(cm2 s) and Φ = 2.9×10−12 erg/(cm2 s)
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In conclusion SN 1006 represents the first example
when high efficiency of nuclear CR production, required
for the Galactic CR sources, is consistently established.
IV. ACKNOWLEDGEMENTS

Fig. 4. Total (π 0 -decay + IC) (thick lines) and IC (thin lines) differential γ-ray energy fluxes as a function of γ-ray energy, calculated
for ISM hydrogen number densities NH = 0.05 cm−3 (solid lines)
and NH = 0.035 cm−3 . (dashed lines). The H.E.S.S. value [13] is
shown as well.

for NH = 0.035 cm−3 and NH = 0.05 cm−3 respectively. We note that the corresponding explosion energy
Esn ≈ 1.7 × 1051 erg is close to the upper end of the
typical range of type Ia SN explosion energies that vary
by a factor of about two [23], [24].
Note also, that [14] find the value NH ≈ 0.05 cm−3
on the basis of X-ray measurements, that is consistent
with our interval.
III. S UMMARY
Since the relevant astronomical parameters as well
as the synchrotron spectrum of SN 1006 are measured
in impressive detail it is possible to determine the
values of the relevant physical parameters with the
appropriate accuracy for this SNR: proton injection
rate η = (2.9 ± 0.6) × 10−4 , electron to proton ratio
Kep = (4.1 ± 0.3) × 10−4 and downstream magnetic
field strength Bd = (150 ± 15) µG.
As a result the flux of TeV emission detected by
H.E.S.S. is consistent with the ISM number density
0.035 ≤ NH ≤ 0.05 cm−3 . The corresponding hydrodynamic SN explosion energy Esn = 1.7 × 1051 erg
is close to the upper end Esn = 1.6 × 1051 erg of
the typical range of type Ia SN explosion energies that
vary by a factor of about two. Also the magnetic field
amplification properties of this SNR are well understandable as the result of azimuthal variations of ion
injection over the projected SNR circumference and
corresponding acceleration which leads to a polar captype X-ray synchrotron and γ-ray emission morphology.
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[24] Blinnikov, S.I., Röpke, F.K. & Sorokina, E.I. 2006, A&A, 453,
229

