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Abstract The nonthermal components in hard X-rays have been detectedin two
young supernova remnants (SNRs): SN 1006 and Kepler’s SNR. Various theoretical
models showed that the amplification of the magnetic field wascrucial to explain their
multiband emission properties. We investigate the evolution of the magnetic field and
model the multiband emissions from these two young SNRs witha time-dependent
injection model. The results indicate that (1) the radio andX-ray emissions are re-
produced by synchrotron radiation of the injected electrons, while theγ-rays can be
explained as inverse Compton scattering of the relativistic electrons and proton-proton
interaction of the high-energy protons; and (2) the amplification of the magnetic field
spontaneously happens with reasonable parameters.
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1 INTRODUCTION

The origin of Galactic cosmic rays is closely related to supernova remnants (SNRs), and young
SNRs are no exception. SN 1006 (G327.6+14.6) and Kepler’s SNR (G4.5+6.8) are two of the most
interesting SNRs in many areas of astrophysics. The nonthermal component of X-rays has been
reported for SN 1006 (Koyama et al. 1995; Willingale et al. 1996; Bamba et al. 2003; Long et al.
2003; Rothenflug et al. 2004) and Kepler’s SNR (Becker et al. 1980; Cassam-Chenaı̈ et al. 2004;
Bamba et al. 2005). These observations strongly imply a synchrotron origin of the radiation from
accelerated electrons, which can be accelerated up to highly relativistic energies (Koyama et al.
1995; Reynolds 1996). Historically, the diffusive shock acceleration is the most popular acceleration
mechanism in SNRs (Bell 1978; Blandford & Ostriker 1978), and various models have been put
forward to account for the multiband emission from young SNRs.

By using the known range of astronomical parameters and the existing measurements of non-
thermal emission in SNR SN 1006, Berezhko et al. (2009) discussed the acceleration efficiency
of cosmic rays, and thought that SN 1006 was a high-efficiencynuclear cosmic-ray factory, and
the amplified magnetic field was strongly related to the hard X-ray morphology of the synchrotron
emission. Recently, Petruk et al. (2011) presented a new wayto compare models and observations.
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Based on classical magnetohydrodynamic and cosmic-ray acceleration theories, their model could
be used to put observational constraints on the magnetic field and to survey the spatial distribution
of SN 1006. The detection of very high energy (VHE)γ-rays from SN 1006 has been carried out
by the HESS collaboration (Acero et al. 2010), who presenteda simple phenomenological model,
in which a single power-law spectral shape was assumed with an exponential cutoff. They modeled
the multiband spectra of SN 1006, where obviously the magnetic field was an important physical pa-
rameter for different models. Similarly, Berezhko et al. (2007) found the multifrequency properties
of Kepler’s SNR by using the nonlinear kinetic theory of cosmic ray acceleration, and constrained
the physical parameters of this SNR with a large magnetic field that is imposed on fitting the obser-
vations. In the meantime, they predicted theγ-ray spectrum expected from Kepler’s SNR.

In this paper, we consider the temporal evolution of the magnetic field and recalculate the max-
imum energy of accelerated particles (electrons and protons). Then the temporally evolving non-
thermal particle and photon spectra of two young SNRs are presented at different stages with the
time-dependent model (Sturner et al. 1997; Zhang & Fang 2007). In Section 2, we present some
details of the model, including shock dynamics of SNRs, temporal evolution of the magnetic field,
energy spectra of accelerated particles, particle energy distributions, and so on. The model is applied
to two young SNRs and the results are shown in Section 3. Finally, we present our conclusions and
discussion.

2 ANALYTIC MODEL

The temporal evolution of photon emission from SNRs has beenmodeled through a three step pro-
cess (Zhang & Fang 2007). First of all, the acceleration mechanism of accelerated particles was
considered in the diffusive shock acceleration. Subsequently, the temporal evolution of particle en-
ergy distributions was produced, and then those authors described the emission of photons. In this
section, the shock dynamics of SNRs is reviewed. Moreover, we reconsider the maximum energy of
accelerated particles, and the evolution of the magnetic field is investigated in terms of the lifetime
of SNRs.

2.1 Evolution of SNRs

After the supernova explosion occurs, the ejected materialwith initial massMej expands into the uni-
form ambient medium with densityn0, bounding the SNR by an expanding shock wave. Lozinskaya
(1992) showed that SNRs evolve through three stages: the free expansion stage, the Sedov stage, and
the radiative stage. The free expansion stage ends attSed ≈ 2.1× 102(E51/n0)

1/3v9
5/3) yr, and the

Sedov stage ends whentrad ≈ 4.0 × 104E
4/17
51 n

−9/17
0 yr. v9 mentioned above is the initial velocity

(v0) in units of109 cm s−1. Ohira et al. (2012) showed simple evolutions of the shock radiusRsh

and the shock velocityush occur as follows:
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In the diffusive shock acceleration mechanism, the acceleration time

tacc = ηaccD/u2
sh(t) = ηaccηg(t)cE/(3eB(t)u2

sh(t)),

whereD is the diffusion coefficient around the shock, andE andB(t) are the energy of cosmic rays
and the magnetic field in the upstream region, respectively.ηg(t) is the gyrofactor andηacc ≈ 10 is
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a numerical factor which depends on the shock compression ratio. With the conditiontacc = t, the
maximum energy of accelerated particles, which is limited by their lifetime, is presented as

Em,age =
3eB(t)[Rsh(tSed)]

2

ηaccηg(t)ctSed
×

{

( t
tSed

) t ≤ tSed

( t
tSed

)−
1
5 tSed ≤ t

. (3)

Moreover, the maximum value of the conditiontacc = tesc, which is limited by the time for the
particles to escape, is given as

Em,esc =
√

ηaccηescEm,age , (4)

with
√

ηaccηesc = 1 for simplicity (Ohira et al. 2012). In the early stages, the particle’s maximum
energy is limited by the SNR’s age. Then significant synchrotron cooling will confine the maximum
energy of an electron, so the cooling time of electrons due tosynchrotron emission can be expressed
by tcool,e = 9m4

ec
7/(4e4B2

d(t)E), whereBd(t) is the the magnetic field in the downstream region.
The maximum energy, limited by cooling from the conditiontacc = tcool,e, can be expressed as

Em,cool = Em,S ×
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where the maximum energy, limited by cooling during the freeexpansion phase, is given by

Em,S = 9m2
ec

5/2(Rsh(tSed))2/(8ηg,freeηaccet
3/2
SedE

1/2
knee),

whereηg,free ≈ 1 is a gyrofactor during the free expansion phase andEknee = 1015.5 eV is the
knee energy. In accordance with Ohira et al. (2012), the maximum energy of accelerated electrons is
given by

Ee,m = min(Em,age, Em,cool, Em,esc) . (6)

Correspondingly, the maximum energy of accelerated protons is represented by

Ep,m = Eknee ×

{

( t
tSed

) (t ≤ tSed)

( t
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)
−α

(tSed ≤ t)
. (7)

In Figure 1, we present the evolution of the SNR’s radius, itsshock velocity, the electron and proton
cut-off energies, and the magnetic field (see Sect. 2.2 for details). At the early stages, the results
show that the maximum energies of electrons and protons are limited by the SNR’s age. Later, the
maximum energy of electrons is limited by significant synchrotron cooling, and the escape time
when the acceleration time of the diffusive shock acceleration is equal to the escape time due to
diffusion. Cooling is not important in limiting the maximumenergy for a proton.

Considering the change of the magnetic field in the SNR, the upstream magnetic field is ex-
pressed by (Ohira et al. 2012)

B(t) =







Bfree t ≤ tSed

Bfree(
t

tSed
)−αB tSed ≤ t ≤ tB

BISM tB ≤ t
, (8)

where the amplified magnetic field during the free expansion phase is

Bfree = ηg,freeηaccctSedEknee/(3eR2
S).
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Fig. 1 The evolution of the SNR’s radius, its shock velocity, the electron and proton cutoff energies,
and the magnetic field versus the age of the SNR forMej = 1.4 M⊙, v0 = 10

9 cm s−1, and
nISM = 0.1 cm−3.

The gyrofactor is given by

ηg(t) = ηg,free ×
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in which the time for the magnetic field amplification to end istB = tSed(Bfree/BISM)(1/αB), with
the three evolutions of the magnetic field fortS < t < tB (Bell 2004; Völk et al. 2005; Vink 2008),
namely,αB is equal toα−0.2 for ηg = ηg,free, 0.9 forB2 ∝ u3

sh, and 0.6 forB2 ∝ u2
sh, respectively.

After the time that the amplification of the magnetic field ends, tB, B(t) is equal to the strength of
the magnetic field in the interstellar mediumBISM for t ≥ tB. HereBISM = 3 µG andα = 2.6 are
assumed. The predicted value of the magnetic field in the downstream regionBd(t) = 4B(t) takes
the shock compression into consideration.

In Figure 1, the three evolutions of the upstream magnetic field are shown. We find that the
magnetic field amplification is significant for young SNRs, and the evolution is consistent for three
cases at the early age. In this paper we adopt the first caseα− 0.2. For old SNRs, the magnetic field
is usually small, and its value is close toBISM at the end of the evolution.
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2.2 Particle Energy Distributions and Photon Emission

The energy spectrum of the accelerated particles can be obtained by solving the time-dependent
kinetic equation (Malkov & O’C Drury 2001). The volume-averaged production rates of the shock-
accelerated electrons and protons are given by (Sturner et al. 1997)

Qpri
i (Ei, t) = Q0

i G(t)
[

Ei(Ei + 2mic
2)

]−[(β+1)/2]

(Ei + mic
2) exp(−Ei/Ei, m(t)) , (10)

wherei = e, p, G(t) = Rsh(tSed)/Rsh(t) for t ≤ trad andG(t) = 0 for t > trad, andβ is the
spectral index;Ee,m andEp,m have been presented in Section 2.1.Q0

e andQ0
p are used to normalize

the particle spectra, andEpar = ηMejv
2
0/2 is the total amount of kinetic energy contained in both

the injected electrons and the injected protons, whereη ∼ 0.1 presents the efficiency of the kinetic
energy of the ejecta being converted into the kinetic energyof both the electrons and the protons.
Kep = Q0

e/Q0
p is a parameter used in the calculation ofQ0

e andQ0
p.

Caprioli et al. (2010) have shown that the accelerated particles at the shock reach their maximum
energy near the Sedov stage, therefore it is possible that both the electrons and protons obtain their
highest kinetic energies more or less during the Sedov stage. On this basis, the multiband emission
spectra of four middle-aged SNRs have been given by Tang et al. (2011a), and most importantly
of all, the results of the model were consistent with observed data from the Fermi spacecraft. In
addition, Tang et al. (2011b) investigated the radiation spectrum of the young Tycho’s SNR. The
results showed that the total amount of kinetic energy contained in the injected particles has been
completely converted into the kinetic energy of both electrons and protons from the earlier stage.
Here we define the parametertci = T (T > tSed), that is to say, the acceleration of particles is
dominant during the timetci, hence

Epar =
∫ tci
0

dt V (t)
[

∫ Ee,m

0
dE EQe(E, t) +

∫ Ep,m

0
dE EQp(E, t)

]

, (11)

in which V (t) = 4πR3
SNR(t)/3, and the maximum energiesEe,m and Ep,m are calculated in

Section 2.1. Obviously, for young SNRs, the conversion speed of the kinetic energy contained in
the injected particles seems to be quicker than for the middle-aged SNR.

In the interior of the SNR, with the assumptions of a constantdensitynSNR = 4nISM, cor-
responding to the volume of the shell representing the SNRVShell(t) = V (t)/4, the differential
densities of accelerated electrons and protonsne(Ee, t) andnp(Ee, t) are obtained by solving the
Fokker-Planck equations in energy space, exactly as in (Zhang & Fang 2007)

∂ni(Ei, t)

∂t
= −

∂

∂Ei

[

Ėtot
i ni(Ei, t)

]

+
1

2

∂2

∂E2
i

[D(Ei, t)ni(Ei, t)]

+Qi(Ei, t) −
ni(Ei, t)

τi
, (12)

in which i = e, p, and the terms on the right-hand side of Equation (12) represent systematic energy
losses, diffusion in energy space, the particle source function and catastrophic energy loss. Zhang &
Fang (2007) gave the details of the calculation process.

In the model, the direction- and volume-averaged electron and proton intensities at each
moment during the SNR lifetime can be calculated by the following expressions:Je(Ee, t) =
(cβ/4π)ne(Ee, t) andJp(Ep, t) = (cβ/4π)np(Ep, t). Subsequently, we calculate non-thermal pho-
ton spectra by using the accelerated electron and proton intensities with a single power-law particle
injection (Sturner et al. 1997). For electrons and positrons, the photon emission from the SNR can be
reproduced by synchrotron radiation, bremsstrahlung, andinverse Compton scattering. However, for
protons, gamma-rays produced by the neutralπ0 decay in the proton-proton interaction significantly
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contribute to the non-thermal radiation of the SNR; the formulae for all of these radiation processes
have been presented in detail in Zhang & Fang (2007). The maininputs of the model include the
ageT and the distanced from the source, initial ejecta massMej, initial explosion energyESN,
conversion efficiencyη, electron-to-proton ratioKep, spectral indexα, and hydrogen densitynISM.

3 APPLICATIONS

In this section, we apply the model to two young SNRs: SN 1006 (G327.6+14.6) and Kepler’s SNR
(G4.5+6.8). The comparisons of our modeling results with the observed data are shown in Figures 2
and 3. In the two figures, the non-thermal photon spectra are indicated as the dashed, dot-dashed,
dotted, and dash-dot-dotted lines, which represent the spectra through synchrotron emission, inverse
Compton scattering, bremsstrahlung, and the spectra from theπ0-decay process, respectively.

The source of SN 1006 was recorded by Chinese and Arab astronomers on 1006 May 1
(Stephenson & Green 2002), so its present age is 1005 yr. It isan ideal example of a shell-type
SNR, because of the evolution in its luminosity. Schaefer (1996) demonstrated that it is the result
of a type Ia supernova explosion, and they thought that it wasprobably the brightest supernova
in recorded history. Based on comparing the optical proper motion with an estimate of the shock
velocity, Winkler et al. (2003) derived a distance of 2.2 kpcfor this SNR. We make a simple as-
sumption that the ejected material has been exploding into auniform medium and magnetic field
after the supernova explosion. In view of the upper end of thetypical range of type Ia SN explosion
energies (Woosley et al. 2007), we assume that the initial explosion energy is equal to1.3 × 1051

erg for SN 1006. Katsuda et al. (2009) have pointed out that the surrounding gas density is rather
low for this source,nISM = 0.085 cm−3. The remnant of SN 1006 was first identified in radio
(Gardner & Milne 1965), with Reynolds & Chevalier (1982) describing the first radio images of the
SNR. The observations with the ASCA and ROSAT have confirmed anon-thermal component of
hard X-rays from SN 1006 (Koyama et al. 1995; Willingale et al. 1996), then a small-scale structure
in the nonthermal X-ray filaments of SN 1006 was presented by the detection of Chandra (Bamba
et al. 2003; Long et al. 2003). Rothenflug et al. (2004) also showed evidence of the X-ray observa-
tions of XMM-Newton, and the radio emission was confirmed to be related to nonthermal X-rays.
Deep observations at VHE energies (above 100 GeV) were made with the HESS array of Cherenkov
Telescopes (Acero et al. 2010), and their results indicatedthat the bipolar morphology in theγ-ray
band was also consistent with the observations in the X-ray band, which support a major result of
the diffusive shock acceleration theory.

We model the multiband emission of SN 1006 with a simple time-dependent injection model;
some parameters involved in the model are shown in Table 1. Asshown in Figure 2, it is obvious
that the radio emission is from synchrotron emission generated by accelerated electrons, which is
extended up to the X-rays in accordance with the detection ofSN 1006 (Rothenflug et al. 2004). The
value of spectral indexα is equal to 2.1 in this model (Petruk et al. 2011). The high energy gamma-
rays are probably from the inverse Compton scattering, bremsstrahlung and p-p interaction; here
the soft photons of inverse Compton scattering are from Cosmic Microwave Background (CMB)
emission. The results show that the inverse Compton scattering and the proton-proton interaction
dominated the VHE gamma-ray emission, but the contributionof the bremsstrahlung seems to be
negligible for the source. In our calculation,Kep = 0.0035, which is approximately consistent
with the cosmic ray composition observed at the Earth (Abdo et al. 2010). In consideration of the
evolution of the magnetic field, the magnetic field in the shocked downstream regionBd ≃ 45 µG
is calculated by Equation (8) at the current epoch (i.e.,t = T ).

Kepler’s SNR exploded in 1604. Baade (1943) initially considered it to be a type Ia by study-
ing the historical light curve of the SNR, however this is a controversial issue. Up to now, some
observational evidence has favored the result of a type Ia supernova explosion, such as the thermal
X-ray spectra obtained with ASCA (Kinugasa & Tsunemi 1999),Chandra (Hwang et al. 2000) and
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Fig. 2 Multiband emission spectra of SN 1006. The radio (from Reynolds 1996) and X-ray emis-
sions (Bamba et al. 2008) are explained by synchrotron radiation from relativistic electrons, while
the gamma-ray emission (Acero et al. 2010) is from the sum of bremsstrahlung (dotted line), in-
verse Compton scattering (dot-dashed line) andπ0-decay (dash-dot-doted line). The Fermi LAT
sensitivity for one year is shown (concave line) for the Galactic (upper) and extragalactic (lower)
background (Acero et al. 2010). Details of the model are described in the text.

Fig. 3 Multiband emission spectra from Kepler’s SNR. All of the curves denote the same as in the
caption of Fig. 2. The physical parameters are shown in Table1. The radio data (Reynolds & Ellison
1992) and X-ray data (Allen 1999) for the entire SNR are indicated, and the respective sensitivities
of Fermi over one year and of HESS are from Berezhko et al. (2007). Details of the models are
described in the text.

XMM-Newton (Cassam-Chenaı̈ et al. 2004); this was confirmedby corresponding theoretical anal-
ysis (Bamba et al. 2005; Reynolds et al. 2007). Based on the so-called delayed-detonation model of
a type Ia supernova explosion, Gamezo et al. (2005) deduced atypical range of explosion energy
ESN = (1.3 − 1.6) × 1051 erg, however a lower energyESN = (0.4 − 0.6) × 1051 erg was given
with the deflagration model (Reinecke et al. 2002). The distance of Kepler’s SNR is also uncertain.
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Table 1 Model Parameters in Our Calculations. In the model, we as-
sume the same values of the initial massMej and conversion factorη
for the two SNRs:Mej = 1.3 M⊙ andη = 0.1.

Model Parameter SN 1006 Kepler’s SNR

AgeT (yr) 1005 400
Distanced (kpc) 2.2 7.0
Initial explosion energyESN (1051 erg) 1.3 1.0
ISM hydrogen densitynISM (cm−3) 0.085 0.2
Electron/positron ratioKep 0.0035 0.007
Spectral indexα 2.1 2.2

Reynoso & Goss (1999) derived a lower limit of(4.8 − 1.4) kpc and an upper limit of 6.4 kpc.
Chiotellis et al. (2012) suggested a distance of≥ 6 kpc, in agreement with the result of Aharonian
et al. (2008). Berezhko et al. (2007) provided a range of distancesd = 3.4 − 7 kpc. In view of
the above analysis, in this paper we fit the values atESN = 1051 erg andd = 7 kpc. In the radio
band, Dickel et al. (1988) studied the significantly decelerating expansion of this SNR. The data on
radio emission for Kepler’s SNR can be found in Reynolds & Ellison (1992). The X-ray data from
Kepler’s SNR have been given by Allen (1999). Berezhko et al.(2007) expected the flux of gamma-
ray emission for this SNR to be at TeV energy, and the respective sensitivities with Fermi LAT over
one year and with HESS were shown in their work.

The multiband emission spectra of Kepler’s SNR is presentedin Figure 3. Here one choice is
to assume that the ageT = 400 yr andnISM = 0.2 cm−3. The differential spectral index of about
2.2 was implied by the radio-to-X-ray synchrotron spectra (Allen et al. 1999). Similar to SN 1006
(a type Ia supernova explosion), the ejected massMej = 1.3 M⊙ is used in the model. The above-
mentioned numerical factorηacc is equal to 4.5 for modeling the spectra of Kepler’s SNR. The
results show that the radio-to-X-ray emission is explainedwell by the synchrotron emission from
relativistic electrons. The gamma-ray emission is mainly from inverse Compton scattering of the
CMB photons andπ0 decay due to the relativistic protons colliding with the ambient medium. Here
the bremsstrahlung is also negligible. In the model, when time t = T , the magnetic field in the
shock downstreamBd ≃ 105 µG is produced by Equation (8), making the amplification effect of
the magnetic field more obvious than in the result from SN 1006.

4 SUMMARY AND DISCUSSION

In this paper, we revisit the dynamic evolution of the SNR, then the maximum energies of the accel-
erated electrons and protons are given. The evolution of themagnetic field is cast in a time-dependent
model for reproducing the multiband photon emissions. Herewe assume that the total amount of ki-
netic energy contained in the injected particles has been completely converted into kinetic energy of
both the electrons and protons during timetci = T (hereT > tSed). The results show that the non-
thermal photon spectra have a peak at the radio-to-X-ray band, and these photons are from electron
synchrotron emission. Another peak is at gamma-ray energies. The gamma-rays are probably pro-
duced by the inverse Compton scattering, bremsstrahlung andπ0 decay due to the relativistic protons
colliding with the ambient medium. We have applied this model to two young SNRs with reasonable
model parameters. The cosmic-ray composition observed at the Earth suggestedKep ∼ 0.01, but in
our calculation, 0.007 and 0.0035 were respectively adopted for Kepler’s SNR and SN 1006. This
is also reasonable for the selection of the parameters, as described in the above sections. Although
we can explain the observations from radio to TeV gamma-raysfor the two young SNRs, we cannot
distinguish either the leptonic origin or hadronic origin by only comparing the model results with
the observed gamma-ray data.



Modeling Multiband Emission from Two Young SNRs 545

For SNR SN 1006, with radio and X-ray data integrated over thefull remnant, Acero et al.
(2010) modeled the spectral energy distribution of the source by using a simple one-zone stationary
model. The distribution of particles is prescribed with a given power-law spectrum with an expo-
nential cutoff. Using different parameters, they reproduced the broadband spectra of SN 1006 with
a leptonic scenario, a hadronic one and a mixed leptonic/hadronic scenario. The spectral index is
fitted at 2.1 except for the hadronic scenario (the value is 2.0); a total explosion energyESN and the
electron-to-proton ratioKep are also different for each case. The magnetic field amounts to 120µG
and 45µG for the other two cases, respectively. This is the result inAcero et al. (2010). Petruk
et al. (2011) put forward some observational constraints onthe kinetic energy and magnetic field,
including modeling and a comparison of observed characteristics for SN 1006. They found that the
magnetic field strengthB in the shock’s upstream region could be equal to 12µG if the spectral
indexα = 2.1, andB = 25 µG if α = 2.0. In our paper, the magnetic field strengthBd ≃ 45 µG,
i.e., hereB = 11.25 µG. This value is approximately in agreement withB = 12 µG. For Kepler’s
SNR, with a typical explosion energyESN = 1051 erg, Berezhko et al. (2007) predicted the energy
flux of TeV gamma-rays to vary from2 × 10−11 to 10−13 erg cm−2 s−1 when the distance changes
from 3.4 to 7 kpc. Using the nonlinear kinetic theory of cosmic ray acceleration in SNRs, they found
that the gamma-ray emission is dominated byπ0-decay due to relativistic protons colliding with the
ambient medium; an interior magnetic field strengthBd = 480 µG was used for a good fit. In addi-
tion, Völk et al. (2005) gave the value ofBd = 250 µG through the observed spatial fine structure
of the synchrotron emission. In our calculations, the magnetic field strengthBd ≃ 105 µG is lower
than those values derived from their methods. The distance of Kepler’s SNR is not known very well,
as stated in Berezhko et al. (2007). If the actual source distance is larger than 7 kpc, it is difficult
to detect gamma-rays. We fit a distance ofd = 7 kpc because there has been no observation in
gamma-rays up to now.

To sum up, the radio-to-X-ray spectra from SN 1006 and Kepler’s SNR can be explained by the
synchrotron emission from relativistic electrons, in which the magnetic field amplification is of great
importance. Although VHE gamma-rays from SN 1006 were detected firstly by the HESS collabo-
ration, it is still uncertain that the gamma-rays have a leptonic or hadronic genesis. Measurements in
the GeV-energy range would be important to distinguish between the different origins. Unfortunately,
the gamma-rays from Kepler’s SNR have not been observed up tonow, thus we are looking forward
to the detection of the gamma-rays from it, which are also vital in limiting the distance to this SNR.
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