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Abstract The nonthermal components in hard X-rays have been detattib
young supernova remnants (SNRs): SN 1006 and Kepler's SldRols theoretical
models showed that the amplification of the magnetic fielderasial to explain their
multiband emission properties. We investigate the evofutif the magnetic field and
model the multiband emissions from these two young SNRs aitime-dependent
injection model. The results indicate that (1) the radio XAy emissions are re-
produced by synchrotron radiation of the injected eledyavhile thevy-rays can be
explained as inverse Compton scattering of the relativédéctrons and proton-proton
interaction of the high-energy protons; and (2) the amgiifan 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 sapea remnants (SNRs), and young
SNRs are no exception. SN 1006 (G327.6+14.6) and KeplerkR M.5+6.8) are two of the most
interesting SNRs in many areas of astrophysics. The namgdecomponent of X-rays has been
reported for SN 1006 (Koyama et al. 1995; Willingale et al9@9Bamba et al. 2003; Long et al.
2003; Rothenflug et al. 2004) and Kepler's SNR (Becker et @801 Cassam-Chenai et al. 2004;
Bamba et al. 2005). These observations strongly imply ateytion origin of the radiation from
accelerated electrons, which can be accelerated up toyhighdtivistic energies (Koyama et al.
1995; Reynolds 1996). Historically, the diffusive shockaleration is the most popular acceleration
mechanism in SNRs (Bell 1978; Blandford & Ostriker 1978)d ararious models have been put
forward to account for the multiband emission from young SNR

By using the known range of astronomical parameters andxisérey measurements of non-
thermal emission in SNR SN 1006, Berezhko et al. (2009) dised the acceleration efficiency
of cosmic rays, and thought that SN 1006 was a high-efficienmlear cosmic-ray factory, and
the amplified magnetic field was strongly related to the hatéymorphology of the synchrotron
emission. Recently, Petruk et al. (2011) presented a newtavagmpare models and observations.
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Based on classical magnetohydrodynamic and cosmic-rasjexation theories, their model could
be used to put observational constraints on the magneticdied to survey the spatial distribution
of SN 1006. The detection of very high energy (VHEyays from SN 1006 has been carried out
by the HESS collaboration (Acero et al. 2010), who preseatsiinple phenomenological model,
in which a single power-law spectral shape was assumed witxponential cutoff. They modeled
the multiband spectra of SN 1006, where obviously the magfield was an important physical pa-
rameter for different models. Similarly, Berezhko et aD@Z) found the multifrequency properties
of Kepler's SNR by using the nonlinear kinetic theory of casmnay acceleration, and constrained
the physical parameters of this SNR with a large magnetid ffet is imposed on fitting the obser-
vations. In the meantime, they predicted theay spectrum expected from Kepler's SNR.

In this paper, we consider the temporal evolution of the natigrfield and recalculate the max-
imum energy of accelerated particles (electrons and psdtdrhen the temporally evolving non-
thermal particle and photon spectra of two young SNRs arseptted at different stages with the
time-dependent model (Sturner et al. 1997; Zhang & Fang R0A7Section 2, we present some
details of the model, including shock dynamics of SNRs, terapevolution of the magnetic field,
energy spectra of accelerated particles, particle enasgytalitions, and so on. The model is applied
to two young SNRs and the results are shown in Section 3.lfFjved present our conclusions and
discussion.

2 ANALYTIC MODEL

The temporal evolution of photon emission from SNRs has Ineeteled through a three step pro-
cess (Zhang & Fang 2007). First of all, the acceleration raeism of accelerated particles was
considered in the diffusive shock acceleration. Subsetyé¢ime temporal evolution of particle en-

ergy distributions was produced, and then those authorsitled the emission of photons. In this
section, the shock dynamics of SNRs is reviewed. Moreoveragonsider the maximum energy of
accelerated particles, and the evolution of the magnetitiBanvestigated in terms of the lifetime

of SNRs.

2.1 Evolution of SNRs

After the supernova explosion occurs, the ejected mateitialinitial massi/.; expands into the uni-
form ambient medium with density,, bounding the SNR by an expanding shock wave. Lozinskaya
(1992) showed that SNRs evolve through three stages: thefmansion stage, the Sedov stage, and
the radiative stage. The free expansion stage engsaate 2.1 x 10%(Es; /ng)/3ve°/3) yr, and the
Sedov stage ends whepg ~ 4.0 x 104E§1/17n0_9/17 yr. vg mentioned above is the initial velocity
(vo) in units of 10° cm s~!. Ohira et al. (2012) showed simple evolutions of the shodiusaR,;,

and the shock velocity,, occur as follows:

(=) (t < tsea)
R (t) = votged X { (tsted )% (tsea <) ?
1 (t <tsea)
Ush(t) =Uo X { (é)_% (tSed S t) (2)

In the diffusive shock acceleration mechanism, the acagtar time
tace = nach/Ugh(t) = TNaccllg (t)cE/(3eB(t)u§h(t)),

whereD is the diffusion coefficient around the shock, afidndB(t) are the energy of cosmic rays
and the magnetic field in the upstream region, respectiyely) is the gyrofactor anguc. ~ 10 is
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a numerical factor which depends on the shock compressimn Y¥ith the conditiont,.. = ¢, the
maximum energy of accelerated particles, which is limitgdHeir lifetime, is presented as

3)

B _ 3eB(t)[Ran(tsea)) () t < tsed
m,age — X PN .

Naccllg (t)CtSed ( ) 5 tSed S t
Moreover, the maximum value of the condition. = tes., Which is limited by the time for the
particles to escape, is given as

Em,esc =/ naccnescEm,age 5 (4)

With |\ /Macclese = 1 for simplicity (Ohira et al. 2012). In the early stages, theetjzle’s maximum
energy is limited by the SNR’s age. Then significant synabrotooling will confine the maximum
energy of an electron, so the cooling time of electrons dsgmehrotron emission can be expressed
bY teool,e = ImicT/(4e* B3(t)E), whereBy(t) is the the magnetic field in the downstream region.
The maximum energy, limited by cooling from the conditign. = tco01,, Can be expressed as

1 t < lsed
2ag—a—1
Em,cool = Em,S X (tsid) 2 tsed <t <1ip ) (5)
t t\— ol
(tsljd )aB(tscd) 2 tg <t

where the maximum energy, limited by cooling during the gpansion phase, is given by

Em,S = 9m§C5/2 (Rsh(tScd))2/(8ng,frccnaccetgéiE}];I/1§e)7

wheren, e ~ 1 is a gyrofactor during the free expansion phase &pgh. = 10'°°eV is the
knee energy. In accordance with Ohira et al. (2012), the mami energy of accelerated electrons is
given by

Ee,m = min(Em,agea Em,coola Em,esc) . (6)

Correspondingly, the maximum energy of accelerated peoorepresented by

(=) (t < tsea)
E m — E nee X Sgd —a
P { (72) (tsea < 1)

tsed

(7)

In Figure 1, we present the evolution of the SNR'’s radiusstitsck velocity, the electron and proton
cut-off energies, and the magnetic field (see Sect. 2.2 ftilde At the early stages, the results
show that the maximum energies of electrons and protonsnaited by the SNR’s age. Later, the
maximum energy of electrons is limited by significant symtton cooling, and the escape time
when the acceleration time of the diffusive shock accelemas equal to the escape time due to
diffusion. Cooling is not important in limiting the maximuemergy for a proton.
Considering the change of the magnetic field in the SNR, tistre@m magnetic field is ex-

pressed by (Ohira et al. 2012)

Bfrcc t S tScd
B(t) = Bfree(é)_aB tsed <t < tp y (8)
Bism tg <t

where the amplified magnetic field during the free expansiasp is

Bfrcc - ng,frccnaccCtSchkncc/(3€R§)'
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Fig. 1 The evolution of the SNR'’s radius, its shock velocity, thecéon and proton cutoff energies,
and the magnetic field versus the age of the SNRMQy = 1.4 Mg, vo = 10° cm s}, and
nism = 0.1 cm™3.

The gyrofactor is given by

1 1 < tSed
_ _1
Ng (t) = Tg free X (tsid )a aB—¢ ) tsed <t <t | 9)
(t?:d )_aB (tsted )a—g tRad <t

in which the time for the magnetic field amplification to endgds= tSed(Bfree/BISM)(l/aB), with
the three evolutions of the magnetic field far< ¢ < ¢ (Bell 2004; Volk et al. 2005; Vink 2008),
namely,ag is equal to — 0.2 for g = 1 free, 0.9 forB? oc w2, , and 0.6 foB? o u? , respectively.
After the time that the amplification of the magnetic field eng, B(t) is equal to the strength of
the magnetic field in the interstellar mediuBgsy; for ¢t > tg. Here Bigsy = 3 G anda = 2.6 are
assumed. The predicted value of the magnetic field in the dveaim regiorBq(t) = 4B(t) takes
the shock compression into consideration.

In Figure 1, the three evolutions of the upstream magnetid iee shown. We find that the
magnetic field amplification is significant for young SNRs¢ a&lne evolution is consistent for three
cases at the early age. In this paper we adopt the firstccas@ 2. For old SNRs, the magnetic field
is usually small, and its value is closeg); 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 bénetithy solving the time-dependent
kinetic equation (Malkov & O’C Drury 2001). The volume-aaged production rates of the shock-
accelerated electrons and protons are given by (Sturnérl€y)

}*[(5“)/2] (E; +m;c®) exp(—Ei/E;, m(t)), (10)

QY (Ei,t) = Q)G(1) [Ei(Ez' + 2mic?)

wherei = e,p, G(t) = Rsn(tsed)/Rsn(t) for ¢ < taq andG(t) = 0 fort > t,,4, @andg is the
spectral indexF. ., andE, ,, have been presented in Section Z)@.anng are used to normalize
the particle spectra, anBl,,, = nM;v3/2 is the total amount of kinetic energy contained in both
the injected electrons and the injected protons, whete(.1 presents the efficiency of the kinetic
energy of the ejecta being converted into the kinetic enefdyoth the electrons and the protons.
Kep = QY/Q) is a parameter used in the calculatiorff and Q9.

Caprioli et al. (2010) have shown that the acceleratedgiestat the shock reach their maximum
energy near the Sedov stage, therefore it is possible thiathe electrons and protons obtain their
highest kinetic energies more or less during the Sedov s@g¢his basis, the multiband emission
spectra of four middle-aged SNRs have been given by Tang é2@l1a), and most importantly
of all, the results of the model were consistent with obsgédata from the Fermi spacecraft. In
addition, Tang et al. (2011b) investigated the radiatioectium of the young Tycho’s SNR. The
results showed that the total amount of kinetic energy éoathin the injected particles has been
completely converted into the kinetic energy of both el@tsrand protons from the earlier stage.
Here we define the parametey = T (T' > tseq), that is to say, the acceleration of particles is
dominant during the timé.;, hence

Epar = [ dt V(1) [ e dE EQu(E,t) + [ dE EQP(E,t)} , (11)

in which V() = 4nR3yx(t)/3, and the maximum energies. ,, and E, ,, are calculated in
Section 2.1. Obviously, for young SNRs, the conversion dpxehe kinetic energy contained in
the injected particles seems to be quicker than for the raidded SNR.

In the interior of the SNR, with the assumptions of a consthertsitynsng = 4nism, COr-
responding to the volume of the shell representing the S8Ry (¢t) = V(¢)/4, the differential
densities of accelerated electrons and protari®., t) andn,(E.,t) are obtained by solving the
Fokker-Planck equations in energy space, exactly as inn@RaFang 2007)

6ni(Ei,t) o 0 “tot 1 82
= aE B nZ(El,t)} + 37 [DEs (B t)
i(Ei,t
Qi) — Bl (12)

K2

in whichi = e, p, and the terms on the right-hand side of Equation (12) retesystematic energy
losses, diffusion in energy space, the particle sourcetimend catastrophic energy loss. Zhang &
Fang (2007) gave the details of the calculation process.

In the model, the direction- and volume-averaged electnod jproton intensities at each
moment during the SNR lifetime can be calculated by the falig expressionsJ,(E.,t) =
(cB/4m)ne(Ee, t) andJ,(E,, t) = (¢3/4m)n,(Ep, t). Subsequently, we calculate non-thermal pho-
ton spectra by using the accelerated electron and protensittes with a single power-law particle
injection (Sturner et al. 1997). For electrons and posgrtme photon emission from the SNR can be
reproduced by synchrotron radiation, bremsstrahlungirareise Compton scattering. However, for
protons, gamma-rays produced by the neutfadecay in the proton-proton interaction significantly
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contribute to the non-thermal radiation of the SNR; the folae for all of these radiation processes
have been presented in detail in Zhang & Fang (2007). The mpints of the model include the
ageT and the distancé from the source, initial ejecta masd,;, initial explosion energysy,
conversion efficiency, electron-to-proton ratid.,, spectral indexy, and hydrogen densityrg.

3 APPLICATIONS

In this section, we apply the model to two young SNRs: SN 1@&2(7.6+14.6) and Kepler's SNR
(G4.5+6.8). The comparisons of our modeling results withdhserved data are shown in Figures 2
and 3. In the two figures, the non-thermal photon spectraratieated as the dashed, dot-dashed,
dotted, and dash-dot-dotted lines, which represent thetrgpiairough synchrotron emission, inverse
Compton scattering, bremsstrahlung, and the spectra fiem’tdecay process, respectively.

The source of SN 1006 was recorded by Chinese and Arab asteysoon 1006 May 1
(Stephenson & Green 2002), so its present age is 1005 yrah isleal example of a shell-type
SNR, because of the evolution in its luminosity. Schaef@8@) demonstrated that it is the result
of a type la supernova explosion, and they thought that it prabably the brightest supernova
in recorded history. Based on comparing the optical propation with an estimate of the shock
velocity, Winkler et al. (2003) derived a distance of 2.2 Kpcthis SNR. We make a simple as-
sumption that the ejected material has been exploding intwifarm medium and magnetic field
after the supernova explosion. In view of the upper end ofytheeal range of type la SN explosion
energies (Woosley et al. 2007), we assume that the initiglosion energy is equal tb.3 x 10°!
erg for SN 1006. Katsuda et al. (2009) have pointed out thasthrounding gas density is rather
low for this sourcepsy = 0.085 cm—2. The remnant of SN 1006 was first identified in radio
(Gardner & Milne 1965), with Reynolds & Chevalier (1982) delsing the first radio images of the
SNR. The observations with the ASCA and ROSAT have confirmadrathermal component of
hard X-rays from SN 1006 (Koyama et al. 1995; Willingale etl&96), then a small-scale structure
in the nonthermal X-ray filaments of SN 1006 was presentedhbydetection of Chandra (Bamba
et al. 2003; Long et al. 2003). Rothenflug et al. (2004) alsswad evidence of the X-ray observa-
tions of XMM-Newton, and the radio emission was confirmed ¢éarélated to nonthermal X-rays.
Deep observations at VHE energies (above 100 GeV) were mitldéhe HESS array of Cherenkov
Telescopes (Acero et al. 2010), and their results indicttatithe bipolar morphology in the-ray
band was also consistent with the observations in the X-aaybwhich support a major result of
the diffusive shock acceleration theory.

We model the multiband emission of SN 1006 with a simple tolependent injection model;
some parameters involved in the model are shown in Table Eh&wn in Figure 2, it is obvious
that the radio emission is from synchrotron emission geadrby accelerated electrons, which is
extended up to the X-rays in accordance with the detecti@Nof006 (Rothenflug et al. 2004). The
value of spectral index is equal to 2.1 in this model (Petruk et al. 2011). The higlrgypgamma-
rays are probably from the inverse Compton scattering, bst&nahlung and p-p interaction; here
the soft photons of inverse Compton scattering are from @osficrowave Background (CMB)
emission. The results show that the inverse Compton stagtand the proton-proton interaction
dominated the VHE gamma-ray emission, but the contributiothe bremsstrahlung seems to be
negligible for the source. In our calculatio,,, = 0.0035, which is approximately consistent
with the cosmic ray composition observed at the Earth (Altdal.€2010). In consideration of the
evolution of the magnetic field, the magnetic field in the d#tsacdownstream regioBy ~ 45 uG
is calculated by Equation (8) at the current epoch (i.e:,7").

Kepler's SNR exploded in 1604. Baade (1943) initially coiesed it to be a type la by study-
ing the historical light curve of the SNR, however this is attoversial issue. Up to now, some
observational evidence has favored the result of a typedarsova explosion, such as the thermal
X-ray spectra obtained with ASCA (Kinugasa & Tsunemi 19€%)andra (Hwang et al. 2000) and
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Fig.2 Multiband emission spectra of SN 1006. The radio (from R&$Ad996) and X-ray emis-
sions (Bamba et al. 2008) are explained by synchrotron tiadifrom relativistic electrons, while
the gamma-ray emission (Acero et al. 2010) is from the sunrembstrahlungdotted line), in-
verse Compton scatteringldt-dashed line) and 7°-decay @lash-dot-doted line). The Fermi LAT
sensitivity for one year is showrtgncave line) for the Galactic @pper) and extragalacticl¢wer)
background (Acero et al. 2010). Details of the model arerifesd in the text.
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Fig. 3 Multiband emission spectra from Kepler's SNR. All of the wes denote the same as in the
caption of Fig. 2. The physical parameters are shown in Thblée radio data (Reynolds & Ellison
1992) and X-ray data (Allen 1999) for the entire SNR are iat#id, and the respective sensitivities
of Fermi over one year and of HESS are from Berezhko et al. {R(Details of the models are

described in the text.

XMM-Newton (Cassam-Chenai et al. 2004); this was confirtmgdorresponding theoretical anal-
ysis (Bamba et al. 2005; Reynolds et al. 2007). Based on tvalted delayed-detonation model of
a type la supernova explosion, Gamezo et al. (2005) dedutguical range of explosion energy
Esx = (1.3 — 1.6) x 10°! erg, however a lower energysy = (0.4 — 0.6) x 10°! erg was given

with the deflagration model (Reinecke et al. 2002). The distaof 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 mads; and conversion factoy
for the two SNRsM,; = 1.3 M andn = 0.1.

Model Parameter SN 1006 Kepler's SNR
AgeT (yr) 1005 400
Distanced (kpc) 2.2 7.0

Initial explosion energyesy (10°1 erg) 1.3 1.0

ISM hydrogen density.gy (cm—3) 0.085 0.2
Electron/positron ratid<cp 0.0035 0.007
Spectral indexx 2.1 2.2

Reynoso & Goss (1999) derived a lower limit @f.8 — 1.4) kpc and an upper limit of 6.4 kpc.
Chiotellis et al. (2012) suggested a distance-af kpc, in agreement with the result of Aharonian
et al. (2008). Berezhko et al. (2007) provided a range ofadistsd = 3.4 — 7 kpc. In view of
the above analysis, in this paper we fit the valueEat = 10°! erg andd = 7 kpc. In the radio
band, Dickel et al. (1988) studied the significantly deciag expansion of this SNR. The data on
radio emission for Kepler's SNR can be found in Reynolds &sBlh (1992). The X-ray data from
Kepler's SNR have been given by Allen (1999). Berezhko €4107) expected the flux of gamma-
ray emission for this SNR to be at TeV energy, and the respmeséinsitivities with Fermi LAT over
one year and with HESS were shown in their work.

The multiband emission spectra of Kepler's SNR is preseimdtdgure 3. Here one choice is
to assume that the age = 400 yr andnigy = 0.2 cm—3. The differential spectral index of about
2.2 was implied by the radio-to-X-ray synchrotron speckben et al. 1999). Similar to SN 1006
(a type la supernova explosion), the ejected mess= 1.3 M, is used in the model. The above-
mentioned numerical factay,.. is equal to 4.5 for modeling the spectra of Kepler's SNR. The
results show that the radio-to-X-ray emission is explainetl by the synchrotron emission from
relativistic electrons. The gamma-ray emission is maingnt inverse Compton scattering of the
CMB photons and’ decay due to the relativistic protons colliding with the aeniy medium. Here
the bremsstrahlung is also negligible. In the model, whereti = T', the magnetic field in the
shock downstrean; ~ 105 uG is produced by Equation (8), making the amplification effefc
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 SNRrtthe maximum energies of the accel-
erated electrons and protons are given. The evolution ohtgnetic field is cast in a time-dependent
model for reproducing the multiband photon emissions. Kerassume that the total amount of ki-
netic energy contained in the injected particles has bemplaiely converted into kinetic energy of
both the electrons and protons during titge= T' (hereT' > ts.q). The results show that the non-
thermal photon spectra have a peak at the radio-to-X-ragl e these photons are from electron
synchrotron emission. Another peak is at gamma-ray ererfjlee gamma-rays are probably pro-
duced by the inverse Compton scattering, bremsstrahluthg@adecay due to the relativistic protons
colliding with the ambient medium. We have applied this madévo young SNRs with reasonable
model parameters. The cosmic-ray composition observédukdarth suggesteld.,, ~ 0.01, but in
our calculation, 0.007 and 0.0035 were respectively adbfoteKepler's SNR and SN 1006. This
is also reasonable for the selection of the parameters,szsilded in the above sections. Although
we can explain the observations from radio to TeV gamma-fiaythe two young SNRs, we cannot
distinguish either the leptonic origin or hadronic origip @nly comparing the model results with
the observed gamma-ray data.
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For SNR SN 1006, with radio and X-ray data integrated overftileremnant, Acero et al.
(2010) modeled the spectral energy distribution of the @by using a simple one-zone stationary
model. The distribution of particles is prescribed with wegi power-law spectrum with an expo-
nential cutoff. Using different parameters, they repraatuthe broadband spectra of SN 1006 with
a leptonic scenario, a hadronic one and a mixed leptoniodméziscenario. The spectral index is
fitted at 2.1 except for the hadronic scenario (the valued} 2a.total explosion energiisy and the
electron-to-proton ratids.,, are also different for each case. The magnetic field amoari2@uG
and 45uG for the other two cases, respectively. This is the resuligrro et al. (2010). Petruk
et al. (2011) put forward some observational constrainttherkinetic energy and magnetic field,
including modeling and a comparison of observed charatikesifor SN 1006. They found that the
magnetic field strengtl in the shock’s upstream region could be equal touR2if the spectral
indexa = 2.1, andB = 25 uG if a = 2.0. In our paper, the magnetic field strendih ~ 45 uG,
i.e., hereB = 11.25 puG. This value is approximately in agreement wigh= 12 uG. For Kepler’'s
SNR, with a typical explosion energysy = 10°* erg, Berezhko et al. (2007) predicted the energy
flux of TeV gamma-rays to vary fro x 10~ to 10~ '3 erg cnm 2 s~! when the distance changes
from 3.4 to 7 kpc. Using the nonlinear kinetic theory of cosmaiy acceleration in SNRs, they found
that the gamma-ray emission is dominatedydecay due to relativistic protons colliding with the
ambient medium; an interior magnetic field strenfth= 480 uG was used for a good fit. In addi-
tion, Volk et al. (2005) gave the value &f; = 250 uG through the observed spatial fine structure
of the synchrotron emission. In our calculations, the mégtield strengthBy ~ 105 uG is lower
than those values derived from their methods. The distafni€efer’s SNR is not known very well,
as stated in Berezhko et al. (2007). If the actual sourcamiist is larger than 7 kpc, it is difficult
to detect gamma-rays. We fit a distancedof= 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 Ké&p&XR can be explained by the
synchrotron emission from relativistic electrons, in whihe magnetic field amplification is of great
importance. Although VHE gamma-rays from SN 1006 were detkfirstly by the HESS collabo-
ration, it is still uncertain that the gamma-rays have adejmtor hadronic genesis. Measurements in
the GeV-energy range would be important to distinguish betwthe different origins. Unfortunately,
the gamma-rays from Kepler's SNR have not been observed ngpthus we are looking forward
to the detection of the gamma-rays from it, which are alsal uit limiting the distance to this SNR.
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