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We use nonlinear kinetic theory to study cosmic ray acceleration and the properties of the nonthermal emission
from the supernova remnant SN 1006. The known range of astronomical parameters is examined in order to
find out whether it encompasses the existing synchrotron emission data. It is shown that the hadronic gamma-
ray flux is very sensitive to the ambient gas density ��� and that the existing H.E.S.S. upper limit requires
� �����
	�� cm 
�� . The amplified magnetic field downstream of the shock amounts to about 150 � G.

1. Introduction

The supernova remnant (SNR) SN 1006, located at the distance ����� kpc, has been extensively observed
throughout the electromagnetic spectrum. Observations of nonthermal X-rays [1] suggest that at least CR
electrons are accelerated in SN 1006 up to energies of about 100 TeV. Subsequent � -ray observations with
the CANGAROO telescopes [2] strengthened this conclusion. It was also shown [3] that nonlinear kinetic
theory of CR acceleration is consistent with all observational data for a value ����� �
	 � cm 
�� of the ambient
interstellar medium (ISM) density from the range �
	 ����� ��� ���
	 � cm 
�� existing in the literature. However,
SN 1006 could not be detected by the H.E.S.S. experiment as a TeV source in a total of 18.2h (in 2003) and
6.3h (in 2004) livetime of ON source observations with SN 1006 in the field of view [4]. The H.E.S.S. upper
limit is roughly one order of magnitude lower than the published CANGAROO flux.

As in our early study [3] we apply here nonlinear kinetic theory of CR acceleration in SNRs [5, 6] to find the
optimum set of physical parameters of SN 1006, mainly the external parameter � � , which give a consistent
description of the observed overall dynamics and of the nonthermal emission.

2. Results and discussion

Since SN 1006 is a type Ia supernova it presumably expands into a uniform ISM, ejecting roughly a Chan-
drasekhar mass !�"$#%� �&	 ' !)( , which is characterized by the initial velocity distribution �*!+"$#-,-��.0/1.*23
54
with 67�98 . Since the SNR is already in the Sedov phase, its properties are not sensitive to the parame-
ters values !�"$# and 6 of the ejecta. The ISM gas density :*;<� ��	 '�=%> � � , which is usually characterized
by the hydrogen number density � � , is an important parameter which strongly influences the expected SNR
dynamics and nonthermal emission. However, the value of � � is poorly constrained for SN 1006 from the
thermal emission observations. They yield a wide range of possible values from � �?� �@	 �A�CB)�
	�� cm 
�� [7]
to �D�E� �
	 � cm 
�� [8].

We shall take as the most reliable estimate for the distance ���E� 	 � kpc to SN 1006 [9].

In Fig. 1 we present the time dependence of the shock radius FDG and of the shock speed H�G , calculated for
the optimum upstream magnetic field value IJ;%� ��� � G, and for the expected density range of the ambient
ISM. The value of the explosion energy was taken to fit the observed size and speed at the current epoch KL�
�M� � yr. Since SN 1006 has already evolved into the Sedov phase, the explosion energy scales as NOGQPR/?� � .
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Figure 1. Shock radius SUT and shock speed V*T as a func-
tion of time for the upstream magnetic field WUXJYEZM[U\ G
and different ISM number densities ]_^ . The observed size
and speed of the shock [10], are shown as well.

Figure 2. Synchrotron emission flux as a function of fre-
quency for the ISM number density ]_^`Y`[&acb cm dfe and
different upstream magnetic fields. The observed X-ray
[11, 12] and radio emission [13] fluxes are shown.

The calculations correspond to N GQP ,fg �M�&hji erg) = 1.9, 3.8 and 11.4, for ���C,
g � cm 
��lk = 0.05, 0.1 and 0.3,
respectively. The calculations shown in Fig. 1 demonstrate that with this dependence of N GQP on ��� the SNR
dynamics is indeed compatible with the measured values of F G gmKnk and H G gmKnk for different ISM densities.

In our model the interior (downstream) magnetic field IOo is connected with the outer (upstream) magnetic field
I ; by the simple relation ICoJ�`p5I ; , where p is the overall shock compression ratio [3]. It is also assumed that
already the upstream field I ; is significantly amplified as a consequence of CR streaming, and that it therefore
exceeds the existing ISM value substantially [14]. The shock compression ratio depends on the ambient gas
density. For the case I ; � ��� � G used in Fig. 1, the downstream magnetic field strengths are IDoJ� �q'Ar , 156,
and 173 � G for ���s� �@	 �A� , 0.1, and 0.3 cm 
�� , respectively.

For the global determination of the effective downstream field IOo we compare the theoretical synchrotron
spectrum, calculated for three different values of I ; , with the observed spatially integrated spectrum (see
Fig. 2). In order to reproduce the radio spectral index tu� �
	v� 8 , observed for SN 1006, one needs efficient CR
acceleration with a proton injection rate wx�7��y �l� 
{z , which leads to the required shock modification. To fit
the amplitude of radio flux we take the electron to proton ratio | " >}�s� 	 ~ y �M� 
��&� ��	�� y �l� 
�� and '@	 �}y �M� 
�z
for �D�7� �
	 ��� � 0.1 and 0.3 cm 
�� respectively.

X-ray synchrotron spectral measurements are required to find the optimum value of the magnetic field strength
ICo [3, 15]: for a given fit of the synchrotron spectrum in the radio range the X-ray synchrotron amplitude
is very sensitive to ICo (see Fig. 2). An increase of the magnetic field I}o leads to a decrease of the electron
energy ����/�K�
 i I 
�2o [3], where the electron spectrum undergoes a brake: for �)���j� synchrotron losses
in the downstream region are significant and lead to a steep overall (spatially integrated) electron spectrum
��"L/`�l
{�A
 i , where � is the power law index of the CR spectrum at the shock front. Therefore the synchrotron
spectrum has a break at the corresponding frequency � � /s��2� I o /sI 
��o , which decreases with increasing I o ,
as one can see in Fig. 2.
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Figure 3. Projected radial dependence of the non-thermal
X-ray brightness in the energy range 2 to 10 keV, calculated
for the same cases as in Fig. 2 together with the Chandra
data corresponding to the sharpest profile in [16].

Figure 4. Total ( � X -decay + IC) (thick lines) and IC (thin
lines) integral � -ray energy fluxes from the NE half of the
remnant as a function of � -ray energy for the same cases
as in Fig. 1. The CANGAROO flux from the NE rim [20]
and the corresponding H.E.S.S. upper limit for the CAN-
GAROO position [4] are shown as well.

We now compare this globally determined magnetic field value I};x� �&� � G with the local Chandra results
by plotting the full numerical solutions for the overall SNR morphology jointly with the sharpest of the ex-
perimental brightness profile of the nonthermal X-ray emission obtained by the Chandra observers [16] in
Fig. 3, where the values of ��2M,-�A��� characterizing the quality of fit are also shown. The extremely thin X-ray
brightness profile observed in SN 1006 and in other young SNRs is a result of strong synchrotron losses due
to the strongly amplified magnetic field value in these SNRs [17, 18, 19]. Since the absolute values of the
experimental brightness profiles and the actual shock position are not known, their values were used as adjust-
ing parameters in the fitting procedure. As can be seen from Fig. 3, the magnetic field value I ; ��� � � G
slightly overestimates the profile width. Together with the spectral fit (Fig. 2) we conclude that I ; � �&� � G
( ICo_� ����� � G) is a realistic estimate.

Fig. 4 show the calculated integral � -ray energy fluxes from the North-Eastern (NE) half of the remnant, in
order to compare with the reported CANGAROO emission from the NE rim and the corresponding upper limit
from H.E.S.S. These calculated fluxes correspond to 50 % of the entire theoretical � -ray flux from SN 1006
under our assumption of dipolar symmetry [21].

The key point is that a decrease of the ISM density leads to a considerable reduction of the expected � ; -decay
� -rays (see Fig. 4): in the Sedov phase the � ; -decay � -ray flux �O�� /�� � N�� is proportional to the gas density
and to the CR energy content N_� . This roughly implies �O�� /���2� and is in agreement with the numerical
results. The IC � -ray flux is only weakly sensitive to the gas density as Fig. 4 also indicates. A modification
of the magnetic field strength would not change much the � ; -decay � -ray flux, and thus the total � -ray flux,
whereas the IC flux decreases considerably with increasing magnetic field strength.

The non-detection of SN 1006 by the H.E.S.S. experiment [4] implies that the hydrogen density � � is lower
than �
	�� cm 
�� , and excludes the high value � � � �
	 � cm 
�� which happened to fit the CANGAROO data. As



226 L.T. Ksenofontov et al

clearly shown in Fig. 4, at 1 TeV and for IJ;J� �&� � G, the H.E.S.S. upper limit is still about three times larger
than the total � -ray flux from SN 1006, expected for � � � �
	 ��� cm 
�� , which is at the lower end of the range
�@	 �A��� � ���+�@	 � cm 
�� of plausible ambient densities.

Since the IC � -ray emission is quite insensitive to the ISM density, the lower limit for the expected � -ray
flux at TeV energies — in the form of the IC flux, derived from the integrated synchrotron flux and the field
amplification alone — is about a factor of five lower than the H.E.S.S. upper limit. Such a low � -ray flux
from SN 1006 would be expected if the ambient ISM number density � � was even considerably lower than
0.05 cm 
�� .
We conclude from the above consideration that the H.E.S.S. upper limit does not invalidate the theoretical
picture [3] on which the previous calculation of the � -ray emission spectrum has been based. It is shown that
the value of the external astronomical parameter � � strongly influences the hadronic � -ray flux. In the case
of SN 1006, and in other similar cases, � -ray detections will at the same time give a reliable estimate of the
ambient ISM density.

Given the arguments above, it is certainly worth to attempt the detection of this important source in a deep
observation of about 200h with the H.E.S.S. experiment.

This work has been supported in part by the Russian Foundation for Basic Research (grant 03-02-16524) and
LSS 422.2003.2.
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