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Abstract

A joint spectral analysis of some Chandra ACIS data,
some radio data and the CANGAROO � -ray data was
performed for the eastern rim of the supernova rem-
nant SN1006. These data were fitted with a model that
includes synchrotron radiation and inverse-Compton
scattering of the cosmic microwave background. The
non-thermal electron spectrum used to compute the
emission spectra for these two components is the tra-
ditional exponentially cut-off power law with one no-
table difference. The power-law index is not a con-
stant. It is a logarithmic function of the momentum.
This functional form enables us to show, for the first
time, that the electron spectrum of SN1006 seems to
flatten with increasing energy. At 1 GeV (i.e., radio–
synchrotron-emitting energies), the power-law index is
about 2.2. At 30 TeV (i.e., X-ray–synchrotron-emitting
energies), the index is about 2.0. This result is quantita-
tively consistent with theoretical models of the amount
of curvature in the proton spectrum of SN1006 and im-
plies that cosmic rays are dynamically important, not
“test” particles.

1 Introduction

Several observational and theoretical clues support the
suggestion that Galactic cosmic rays, up to an energy
of at least 100 TeV (Lagage & Cesarsky, 1983), are
accelerated predominantly in the shocks of supernova
remnants. In this case, an average supernova remnant
must transfer about 10% of its kinetic energy to cosmic
rays, which means that the cosmic-ray energy density
or pressure at the shock is significant and may affect
the shock structure.

One potentially observable consequence of a large
cosmic-ray pressure is that the shock transition region
is broadened or “smeared out,” not abrupt. In this case,
low-energy cosmic rays, which have relatively small
diffusion lengths, experience only a portion of the ve-
locity gradient as they scatter back and forth across
the shock. Higher-energy particles, which have rela-
tively large diffusion lengths, experience a larger por-
tion (or all) of the velocity jump. Since the rate of en-
ergy gain increases as the velocity difference increases,
higher-energy particles gain energy faster than lower-
energy particles. As a result, cosmic-ray spectra do
not have power-law distributions. The spectra flatten
with increasing energy (Ellison, Berezhko & Baring,
2000). Jones et al. (2003) demonstrate that the radio-
to-infrared spectra of small, selected regions of the
Cas A remnant flatten with increasing energy. This ev-
idence shows that the cosmic-ray electrons producing
the synchrotron emission have a curved spectrum. Evi-
dently, the cosmic-ray ions and electrons in Cas A have
modified the structure of the shock.

2 Data and analysis

This paper describes the results of joint spectral analy-
sis of some X-ray, radio and � -ray data for the remnant
SN1006. X-ray spectra of the filaments along the east-
ern rim of the remnant were obtained by analyzing 68
ks of data from the 2000 July 10–11 Chandra observa-
tion of the source. The X rays were detected using the
Advanced CCD Imaging Spectrometer (ACIS). Each
1024 � 1024 pixel CCD has a field of view of 8 � � 4 � 8 � � 4.
The on-axis effective area for the mirrors and ACIS-
S3 has a maximum of about 720 cm

�
at 1.5 keV and

is greater than 10% of this value for energies between
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about 0.3 and 7.3 keV. The fractional energy resolu-
tion (FWHM/ � ) between these energies ranges from
about 0.4 to 0.03, respectively. The sensitive energy
bands and energy resolutions of the other five CCDs
used for SN1006 are typically worse than the energy
band and resolution of ACIS-S3.
The ACIS data were filtered to remove the events that
(1) have GRADE = 1, 5, or 7, (2) have one or more
of the STATUS bits set to one (except for events that
only have one or more of the four cosmic-ray “after-
glow” bits set), (3) are part of a horizontal “streak” on
ACIS-S4 or (4) occur in the time interval during which
the mean background count rate was more than twice
the nominal rate (i.e., frames 20515–21294). An im-
age of the 66 ks of “good” data is displayed in Fig. 1.
The thirteen 100 � 100 pixel ( � 49 � ��� 49 � � ) boxes along
the bright filaments of the eastern rim of Fig. 1 are the
regions used for spectral analysis. The PHA spectra,
ARFs and RMFs for each region were created using
standard CIAO tools. The ARFs were adjusted for the
effects of a build up of absorbing material on the in-
struments. The X-ray analysis was performed using
data in the energy band 2–7 keV.
The radio spectral data used for the spectral analysis
include the compilation described by Allen, Petre &
Gotthelf (2001) and includes the 843 MHz observation
by Roger et al. (1988). The radio spectra for regions
1–13 were constructed by multiplying the flux densi-
ties and uncertainties by the factors � listed in Table 1.
For each of the thirteen regions, the factor � was com-
puted by dividing the 843 MHz flux density for that
region by the total 843 MHz flux for the entire rem-
nant. Since the radio spectrum for the entire remnant
is used to construct radio spectra for each region, we
are assuming that the shape of the radio spectrum for
each region is the same as the shape of the radio spec-
trum of the entire remnant.

The � -ray spectrum used for the spectral analysis is the
spectrum presented by Tanimori et al. (2001). Since
we have no information about the fraction of the � -ray
emission produced in each of the thirteen regions, the
same � -ray spectrum is used for each region.

The spectral data for each region were fitted in ISIS
(Houck & Denicola, 2000) with a model that includes
interstellar absorption for the X-ray data, synchrotron
radiation for the X-ray and radio data and inverse-
Compton scattering of the cosmic microwave back-
ground for the � -ray data. Since the 2–7 keV emission

Figure 1: A 2–7 keV ACIS image of the eastern rim of
SN1006. The regions labeled 1–13 are the regions used
to perform spectral analysis. The circle, asterisk and tri-
angle indicate the locations of the nominal aim point of the
telescope, the center of the supernova remnant (Winkler &
Long, 1997) and the centroid of the TeV source (Tanimori
et al., 1998), respectively.

is dominated by non-thermal emission, no thermal X-
ray component is included.

The synchrotron and inverse-Compton emission spec-
tra are based on an electron spectrum of the form	�
	������� � �������������� "!$#&%�')(+*-,.�/1032"4 ( .5/6087�9: 2<; (1)

where



is the electron number density,
� � ��=�> ,> is the velocity of a particle,

�
is the speed of light,� is the number density at

�
= 1 GeV/

�
(in units of

cm �@? GeV �BA ), C is the differential spectral index at�
= 1 GeV/

�
, D is the spectral “curvature,” the loga-

rithm is base ten, � � ��= � �
, and E is the exponen-

tial cut-off (or “maximum”) energy. This form is the
same as the standard power law with an exponential
cut off, except for the term DGFIHKJ ( ���ML ���� 2 . Introduc-
tion of this term produces an effective spectral index,CONPDGFIHKJ ( ���ML ���� 2 , that is a linear function of the log-
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Table 1: Best-fit parameters

RA Dec. E Q R)S
Region (h m s) ( TU��� � ) � C D (TeV) ( V G) (10 AXW Hz) Y � L)Z HK[

1 15 04 10.7 \ 42 00 15 0.0010 2.24  "]_^&AX?�@]_^&AX? 0.051  "]_^ ]�`�a�@]_^ ]cbd? 25  ��e�BA�A 2.5  "a_^ `�BA�^ f 2.1  "W_^ e�BA�^ b 9.9/22
2 15 04 13.3 \ 41 57 51 0.00089 2.27  "]_^ ]�a�@]_^&A�A 0.073  "]_^ ]cb ��@]_^ ]�?�a 22  3A e� e 2.8  "W_^ ��BA�^ a 1.9  � ^ `�@]_^ e 14.1/26
3 15 04 13.7 \ 41 56 27 0.00069 2.27  "]_^&AX?�@]_^&A � 0.079  "]_^ ]�? e�@]_^ ] ��e 21  3Agf�@a 3.7  Bfh^ ]� � ^ ? 2.3  � ^ ��BA�^ ] 11.6/31
4 15 04 09.7 \ 41 54 54 0.0024 2.22  "]_^&Aib�@]_^&A�A 0.050  "]_^ ]�?cb�@]_^ ] � f 22  3Agf��f 4.8  Bfh^ ?�@?_^&A 3.3  3A�^ W�@]_^ a 53.5/50
5 15 04 09.7 \ 41 53 41 0.0015 2.23  "]_^&A ��@]_^&AX? 0.061  "]_^ ] � W�@]_^ ] � W 22  3AX`�@W 7.0  "W_^ ��@`_^ ] 4.4  "]_^ f�@]_^ e 73.3/67

15 04 06.5 \ 41 51 25 0.0018 2.21  "]_^&AX]�@]_^&AX] 0.050  "]_^ ] � ?�@]_^ ] � ? 23  3AXW�@W 8.4  Bfh^ `�@`_^ e 6.2  3A�^ `�BA�^&A 83.0/88
7 15 04 04.8 \ 41 49 35 0.0011 2.19  "]_^&A�A�@]_^ ] e 0.038  "]_^ ] � f�@]_^ ]_A e 26  � `�BAX? 9.3  � A�@W_^ ? 8.7  "a_^ a�@?_^ f 64.0/64
8 15 04 01.1 \ 41 49 22 0.0017 2.20  "]_^ ] e�@]_^&A � 0.044  "]_^ ] ����@]_^ ] � f 25  � W� e 7.3  3A ��@`_^ e 6.2  "`_^&A� � ^ ? 63.1/75
9 15 03 57.3 \ 41 48 08 0.0019 2.20  "]_^ ]df�@]_^ ] e 0.045  "]_^ ] � ?�@]_^ ]_Agf 24  � a�@W 7.7  e ^ `�@W_^ � 5.8  "?_^ e� � ^ ] 72.6/76

10 15 03 52.6 \ 41 46 58 0.0017 2.20  "]_^ ]df�@]_^ ]df 0.045  "]_^ ] � ]�@]_^ ]_Agf 23  3A�A�@` 8.5  "W_^ f��bj^ ` 6.3  � ^ a�BA�^ ? 68.6/73
11 15 03 57.7 \ 41 45 28 0.00038 2.20  "]_^ ]df�@]_^&A � 0.058  "]_^ ] � a�@]_^ ] � ? 22  3Aib��b 16.5  3A e�BAX] 11.1  Bfh^ e�@?_^ f 63.8/65
12 15 03 52.3 \ 41 43 31 0.00030 2.21  "]_^ ]df�@]_^&A � 0.057  "]_^ ]�?_A�@]_^ ] � ? 23  3AXa�BAX] 13.5  � W� e ^ � 9.5  3AX?��bj^ � 32.1/41
13 15 03 29.5 \ 41 42 03 0.0010 2.24  "]_^&A�A�@]_^ ] e 0.069  "]_^ ]�?�]�@]_^ ] � ` 22  3AXW�@a 5.5  3AX]�@?_^ b 3.7  � ^ W�BA�^ ` 35.7/46

Mean . . . . . . . . . 2.22  "]_^ ]�a�@]_^ ] e 0.051  "]_^ ]�]df�@]_^ ]�]df 23  3AXW�BAgf . . . . . . . . .
From left to right, the columns are the region number, right ascension and declination of the center of each extraction box, the
fraction of the total 843 MHz MOST flux from the box, the differential spectral index, curvature parameter and exponential
cut-off energy of the electron spectrum, the total magnetic field strength (not kml ), the cut-off frequency and goodness of
fit. Uncertainties are reported at the 90% confidence level and include only the statistical contributions. These uncertainties
were used as weights to compute the means. Note that the spectral indices and cut-off energies are not independent from
region to region.

arithm of the momentum. If Don 0, then the spectrum
flattens with increasing momentum. If D�p 0, then the
spectrum steepens with increasing energy. If D = 0,
then the spectrum has no curvature and Eq. (1) reduces
to the standard power law with an exponential cutoff.
For the set of spectral fits described here,


rq
is fixed to

be 6.0 � 10
� ] cm � � (Allen, Petre & Gotthelf, 2001), the

values of C , D and E are same for the synchrotron and
inverse-Compton models and the same synchrotron
normalization is used for the X-ray and radio data. Ex-
cept for


sq
, these parameters are free as is the inverse-

Compton normalization and the total magnetic field
strength (not Qut ). The results of the fits for regions
1–13 are listed in Table 1 and the results for region 6,
the region with the largest number of X-ray counts, are
plotted in Fig. 2 to 4. In each case, the quality of the fit
( Y � /dof) is good.

3 Spectral index and curvature

The inclusion of spectral curvature as a free parameter
systematically improves our measure of the goodness
of fit. For example, the results for region 6 suggest

that an uncurved electron spectrum (i.e., D = 0) can be
excluded at about the 3.2 v confidence level. Similar
results, with varying degrees of statistical confidence,
are obtained for the other twelve regions. Collectively,
the results provide a statistically compelling argument
that the electron spectrum of SN1006 is curved.
While it may be argued that the improvement in the
value of Y � L)wyxyz is due solely to the inclusion of
an additional free parameter, there are two reasons
to believe otherwise. First, the best-fit values of the
spectral index and curvature are essentially the same
from region to region (Table 1). If the improvement
in the values of reduced chi-square was only due to
the use of an additional free parameter, we expect that
the range (0.038–0.079) and root-mean-square (0.012)
of the distribution of best-fit curvature values would
be larger. For example, some of the curvature values
might be negative. Another reason is that the mean
amount of curvature ( D = 0.051 { 0.007), is consistent
with the amount of curvature predicted for the proton
(not electron) spectrum of SN1006. For example, Fig.
5 shows the best-fit electron spectra for region 6 in the
two cases where the value of the curvature parameter
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Figure 2: The ACIS spectrum for region 6. The top panel
shows the sum of the source and background spectra (data
points) and the sum of the best-fit model and background
spectrum (solid line). The bottom panel shows the differ-
ences between the data points and the curve divided by the
uncertainties in the data points.

is a free parameter and fixed at zero (solid and dashed
curves, respectively). Neither spectrum is curved be-
low

�
= 1 GeV/

�
, which was true during the fitting pro-

cess, because the available data provide very little con-
straint on the shape of the electron spectrum in this mo-
mentum range. The top pair of dotted and dot-dashed
curves are predictions described by Ellison, Berezhko
& Baring (2000) for the proton (not electron) spectrum
of SN1006. These spectra have been normalized to
match the solid curve at � = 0.9 GeV. Since Ellison,
Berezhko & Baring (2000) computed their spectrum
assuming a spectral index of C = 2.0, instead of C =
2.2 (solid curve), it is not appropriate to compare the
solid curve to the upper pair of dotted and dot-dashed
curves. However, it is fair to compare the solid curve
to the lower pair of dotted and dot-dashed curves be-
cause these two curves have been steepened to match
the best-fit spectral index. Aside from a difference in
the cut-off energy, the lower pair of theoretical curves
match the solid curve remarkably well. The results of
our fits suggest that the amount of curvature in the elec-
tron spectrum is the same as the predicted amount of
curvature in the proton spectrum. For these reasons,
we believe the improvement in the value of Y � L)wyxyz
is not merely due to the inclusion of an additional free
parameter.

Perhaps the greatest concern about the claim that the
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Figure 3: The radio spectrum for the entire supernova rem-
nant. The top panel shows the source spectrum (data points)
and three models. The dashed line is the best-fit power law�������

= 17.6 ���d� ���� � � ���5�K�B ¢¡¤£_� �8¥ Jy, where ¦ = 0.60 �¨§h� §-�� §h� §c© . The
dotted line is a power law using Green’s (2001) spectral pa-
rameters (

�������
= 19

���5�K�+ ¢¡U£j� � §h� � Jy). The solid curve
is the best-fit model for region 6 multiplied by the factor
0.00175 �¨ª (see Table 1). The bottom panel shows the dif-
ferences between the data points and the solid curve divided
by the uncertainties in the data points.

electron spectrum of SN1006 is curved is that one or
more of the assumptions of the analysis are invalid.
One assumption is that electron spectrum has the form
of Eq. (1). This assumption seems to be vindicated by
a comparison of the best-fit spectral shape for region 6
and predictions of the amount of curvature in the pro-
ton spectrum (Fig. 5). Another assumption is that the
shape of the radio spectrum in each of the thirteen re-
gions is the same as the shape of the radio spectrum
of the entire remnant. If this assumption is invalid, the
best-fit values of the spectral index and curvature may
be inaccurate. Yet, the mean values of the index and
curvature are robust. To assuage this concern would
require good radio spectra for many, small, spatially-
resolved features in the remnant. Unfortunately, this
kind of data is not available for SN1006. Neverthe-
less, the similarities of the best-fit values of the spec-
tral index and curvature from region to region and the
similarity of the fitted and predicted curvature gives us
some confidence that the electron spectrum of SN1006
is curved.
If spectral curvature is found to be a common feature
of shell-type supernova remnants, then the results will
emphasize the fact that cosmic rays are dynamically
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Figure 4: The CANGAROO spectrum for the entire eastern
rim of SN1006 (Tanimori et al., 2001). The top panel shows
the source spectrum (data points) and the best-fit model
(curve). The bottom panel shows the differences between
the data points and the curve divided by the uncertainties in
the data points.

important. In this case, the evidence of spectral curva-
ture may provide indirect evidence for the presence of
cosmic-ray nuclei because the fraction of the internal
energy ( « 10 `_A erg) in the form of non-thermal elec-
trons ( ¬ 10 b e erg, Allen, Petre & Gotthelf, 2001; Dyer
et al., 2001) may be too small to significantly affect the
dynamics of the shock.

4 Cut-off energy and magnetic field strength

Aside from the electron spectral index and curvature,
fits to X-ray and radio synchrotron data provide a mea-
sure of the frequency at which the synchrotron spec-
trum is cut off. This cut off in the photon spectrum is
associated with a cut off in the electron spectrum (e.g.,
see Fig. 7 and 9 of Allen, Petre & Gotthelf (2001)). For
relativistic electrons, the cut-off frequency

R)S �¯® ��°K±²� ®³ AXW � E®³�´ �� � � � Q®³ V � �¯µm¶ � (2)

The results for the cut-off frequency are listed in Table
1. Since the cut-off frequency depends on the productE � Q , it in not possible to uniquely determine the value
of the cut-off energy using only the synchrotron data.
Tanimori et al. (1998) report evidence of TeV � -ray
emission from SN1006. If this emission is produced by
inverse-Compton scattering of the cosmic microwave
background radiation, then the TeV data can be used to
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Figure 5: The best-fit electron number-density spectra for
region 6. The solid and dashed curves are the spectra for
the models with and without spectral curvature, respectively.
The upper set of dotted and dot-dashed curves are the mod-
els for the proton (not electron) spectrum of SN1006 pre-
sented by Ellison, Berezhko & Baring (2000). These curves
are plotted only for momenta ·¹¸»º½¼ (i.e., the range of mo-
menta to which our fits are sensitive) and are normalized to
the solid curve at a kinetic energy of 0.9 GeV. As described
in the text, the lower set of dotted and dot-dashed curves are
the same pair of models multiplied by

�1¾m�M¿�À ÁÂ GÃÅÄ�� � §h� Æ .
The amount of spectral curvature for our model of the elec-
tron spectrum is consistent with the amount of curvature re-
ported by Ellison, Berezhko & Baring (2000) for the pro-
ton spectrum. From left to right, the three bracketed energy
bands are primarily responsible for the observed thermal
bremsstrahlung, radio synchrotron and X-ray synchrotron
emission, respectively. The highest energy electrons also
produce TeV Ç -ray emission.

determine the cut-off energy of the electron spectrum.
The values obtained for the cut-off energies and the
magnetic fields strengths are listed in Table 1.

Since the same � -ray data is used for each region,
the best-fit cut-off energies for the thirteen regions are
consistent with the mean cut-off energy. However,
the actual cut-off energy may vary from region to re-
gion. A constant value for the cut-off frequency (i.e.,
5.02  "]_^ b�b�@]_^ bd` � 10 AXW Hz, 90% confidence level) can be ex-
cluded at the 2.9 v confidence level. Since the cut-off
frequency R SÉÈ E � Q , a variation in the cut-off fre-
quency requires a variation in either the cut-off energy
or the magnetic field strength. It is not possible to de-
termine whether the apparent variation in the cut-off
frequency is due to a variation in the magnetic field
strength or the cut-off energy. However, it is interest-
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ing that the location of the peak of the TeV emission
(the triangle in Fig. 1) is near the two regions with the
largest cut-off frequencies. Although this result is not
statistically compelling, it suggests that the cut-off en-
ergy may be larger in this region. Likewise, if the cut-
off frequency of the southwestern rim is found to be
smaller than the cut-off frequency of the northeastern
rim, then the lack of observed TeV emission from the
southwest may be due to a reduced cut-off energy in
the southwest.

As a final caveat, it should be noted that if the TeV � -
ray emission is not produced by inverse-Compton scat-
tering of the cosmic microwave background radiation
or if the the results of Tanimori et al. (1998) are in-
accurate, then the results for the cut-off energies and
magnetic fields are meaningless. Yet, the results for
the spectral index, curvature and cut-off frequency re-
main valid within the constraints of the assumptions
described in Sect. 3. The discovery of evidence of a
curved cosmic-ray electron spectrum is robust.

5 Conclusions

For the first time, we simultaneously fitted X-ray, ra-
dio and � -ray spectral data for the the northeastern rim
of SN1006. The X-ray and radio data were fitted with
a synchrotron emission model. The � -ray data were
fitted with a model of inverse-Compton scattering of
the cosmic microwave background radiation. The pho-
ton spectra for both models are based on an electron
spectrum that has a momentum-dependent power-law
index. The rate of change in the index for each decade
in momentum is a free parameter of the fit. If our as-
sumptions are valid, then the results clearly show that
the GeV to TeV electron spectrum is curved. The best-
fit power-law index at 1 GeV (i.e., radio–synchrotron-
emitting energies) is 2.22  "]_^ ]�a�@]_^ ] e . At 30 TeV, the electron
spectrum has flattened to have an effective index of
1.99 { 0.09 (90% confidence level uncertainties). This
amount of curvature is quantitatively consistent with
predictions of the amount of curvature in the proton
spectrum of SN1006.
The existence of a curved cosmic-ray spectrum sug-
gests that cosmic rays are not “test” particles. The
pressure of the cosmic rays is large enough to modify
the shock structure. Since non-thermal electrons con-
tain only about 1% or less (i.e., ¬ 10 b e erg) of the total
internal energy, the presence of curvature may provide
indirect evidence of a much more energetic population

of cosmic-ray protons. If remnants other than SN1006
and Cas A (Jones et al., 2003) are found to exhibit ev-
idence of a curved synchrotron spectrum, then the re-
sults will help demonstrate that efficient particle accel-
eration is a common feature of supernova remnants.
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