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Emission of SN 1006 produced by accelerated cosmic rays

E. G. Berezhkd, L. T. Ksenofontov, and H. J. Volk2

Lnstitute of Cosmophysical Research and Aeronomy, 31 Lenin Ave., 677891 Yakutsk, Russia
2Max Planck Institut fir Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany

Abstract. The nonlinear kinetic model of cosmic ray (CR) 2 Maodel

acceleration in supernova remnants (SNRs) is used to de-

scribe the properties of the remnant of SN 1006. The cal-A supernova (SN) explosion ejects a shell of matter with total
culated expansion law and the radio-, X-ray anchy emis- ~ €nergyEs, and mass\/.;. During an initial period the shell
sion produced in SN 1006 by accelerated CRs agree quitghaterial has a broad distribution in velocity The fastest
well with the observations. The’-decayy-rays, generated part of these ejecta is described by a power da\d. ; /dv

by the nuclear CR component, dominate over they@y v>~* (e.g. Jones et al., 1981; Chevalier, 1982). The interac-
component, generated by CR electrons in the inverse Com[j.ion of the ejecta with the interstellar medium (ISM) creates
ton (IC) process on the cosmic microwave background, in thed strong shock there which accelerates particles.

observed TeVy-ray flux from SN 1006. The predicted inte-  Our nonlinear model is based on a fully time-dependent
gral~y-ray flux F, o e extends up to energies 100 TeV ~ solution of the CR transport equation together with the gas
if CR diffusion is as strong as the Bohm limit. dynamic equations in spherical symmetry.

The number of suprathermal protons injected into the ac-
celeration process is described by a dimensionless injection
) parameter, which is a fixed fraction of the ISM particles en-

1 Introduction tering the shock front. For simplicity it is assumed that the

o .. injected particles have a velocity four times higher than the
Recently. S|gn|f|c§1nt efforts were undertak_en to obtain d'reCtpostshock sound speed, although this is not a fully selfcon-
observational evidence whether CRs are indeed generated l)giant injection theory (e.g. Malkov and Drury, 2001).

SNRs. The expected’-decayy-ray emission, produced in 1,4 cR giffusion coefficient is taken as the Bohm limit

nearby SNRs by the accelerated protons in their collisions

with gas nuclei, is high enough to be detectable by imagingx(p) = x(Mc)(p/Mc),

atmospheric Cherenkov telescopes (e.g. Drury et al., 1994;

Berezhko and Wlk, 1997). Positive results of such observa- Wherex(Mc) = Mc?/(3eB), e andM are the proton charge

tions would constitute a necessary condition for a dominanthd massp denotes the particle momentuti,is magnetic

role of SNRs in the production of the Galactic CRs and theirfield, andc is the speed of light.

spectrum. The solution of the dynamic equations at each instant of
In this paper the selfconsistent kinetic model of diffusive time yields the CR spectrum and the spatial distributions of

acceleration of CRs in SNRs (Berezhko et al., 1996; Berezhk&Rs and gas. This allows to calculate the expectedltiXe. )

and \Blk, 1997) is used to explain theray emission from  Of 7-rays fromr-decay due tp — p collisions of CRs with

SN 1006. The detailed comparison of theory with observa-the gas nuclei (e.g. Berezhko andl¥, 1997).

tions permits the derivation of a most probable set of physi- If electrons are also involved in the acceleration process,

cal parameters for this object. In contrast to a previous studyheir distribution functionf.(p) = K., f(p) (at sufficiently

(Berezhko et al., 1999) we restrict ourselves to the so-calledow relativistic momentsp < p; where synchrotron losses

Bohm limit for CR diffusion near the shock, presumably due are not important) differs only by a numerical factat,

to efficient Alfven wave excitation by the accelerating parti- from the proton distribution functiofi(p). Due to synchrotron

cles themselves. losses, at higher momenga> p;, given by
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where B, is the mean downstream magnetic field, &rid densityNy = 0.3 cm3 and temperaturé, = 10* K. We
the SNR age, the electron spectrum is softenefi tec p—° adopt a distancé = 1.8 kpc, consistent with X-ray and op-

and has a cutoff momentum tical imagery of the SN 1006 (Winkler and Long, 1997).
The gas dynamic problem is characterized by the follow-
e Vs 10(o — 1) (10 G ing length, time and velocity scales:
Dz ~ 20Mc ,
km/s o By

. . . = (8M.;/4mpo)t3, to = Ro/Vay, Vo = \/2En/My;
whereV, is the shock speed3, is the postshock magnetic Ro = (3Me; [4mpo) 7™, to = Ro/Vo, Vo [Mej,

field strength, and is the shock compression ratio; the syn- wherep, = 1.4M Ny is the ISM mass density. The shock
chrotron loss term is included in the transport equation forexpansion law during the free expansion phase (to) is

the electron distribution functiofi.(r, p, t). We assume that then R, o Egﬁ*?’)/%pal/kt(k—b‘)/(k—2) (Chevalier 1982)
the maximum proton momentum,,., which, in the case |\ nich fork = 7 givesR, x (E2 /p0)1/7t4/5. In the adia-
considered, is higher thay, ., is determined by geometric .+ phasét > o) we HaveRs ‘;(” (Eun/po)"/5t2/5.

factors (Berezhko, 1996). The paramefer, is determined The observed expansion law of SN 1006 (Moffett et al.,
by the ratio between the electron and the proton injection1993) ISR, oc t with 11 = 0.48 4 0.13. Within the observa-
rates. One may expect that electrons are on average injectef) 51 errors SN 1006 should be in the adiabatic phase.

less effectively than protons due to their much smaller scat- The calculations together with the experimental data are
tering mean free path. In the limiting case, when electronsgpown in Fig.1. An explosion energy,, = 3 x 10°! erg is

are injected with the same rate as protons, at given energygyen to fit the observed SNR siz& and its expansion rate
we havek,, ~ 1072 (Bell, 1978).

The choice ofK,, allows one to determine the electron
distribution function and to calculate the associated emission
The expected synchrotron flux at distanicieom the SNR is
given by the expression (e.g. Berezinskii et al., 1990)

Vs.

According to Fig.1a SN 1006 is indeed already in the adi-
abatic phase. The assumed injection rate 10~ leads to
a significant modification of the shock which at the current
time,t = 995 yr, has a total compression ratio= 5.6 and a

3x 10721 [ o y subshock compression ratig = 3.8 (Fig.1b).
S, = T/ drr BL/ dpp” fe(r,p)F’ <U—> The acceleration process is characterized by a high effi-
o 0 ¢ ciency in spherical symmetry: at the current timyg, =

in erg/(cnts), whereF (z) = xfr” Ks)3(2)da’; K, (z) is 4.68 about 40% of the explosion energy has been already
the modified Bessel function,. = 3eB, p?/[4m(mc)3]; m transferred to CRs and the CR energy contEptcontin-
is the electron massﬂp is the radius of the piston which sep- ues to increase to a maximum of about 50% in the later Se-
arates the ejecta and the swept-up ISM. We assume the sinflov phase (Fig.1d), when particles start to leave the source.
ple relationB, = 0.3B between the regular (mean) mag- As usually predicted by the model, the CR acceleration ef-
netic field strengthB(r) and its componenB . perpendic- ficiency is significantly higher than required for the average
ular to the line of sight. In a young SNR like SN 1006 the replenishment of the Galactic CRs by SNRs, corresponding
ambient ISM magnetic field is swept into a quasi-sphericalto E. ~ 0.1E,,. This discrepancy can be attributed to the
shell where its strength is about uniform. physical conditions at the shock surface which influence the

The relativistic electrons produgeray emission due toin-  injection efficiency. The magnetic field geometry is the most
verse Compton (IC) scattering of background photons. It isimportant factor: at the quasiperpendicular portion of the
not difficult to show that due to the relatively hard spectrum shock at least ion injection (and subsequent acceleration) is
of accelerated electrons only the 2.7 K cosmic microwavePresumably depressed compared with the quasiparallel por-
background is important in the case considered. The extion. Therefore the number of CRs, calculated within the
pected integra| flux of |Cy_rays with energy greater tha;} spherically-symmetrical approximation, should be renormal-

can be represented in the form (e.g. Berezinskii et al. 1990)ized by this depression factor. Assuming SN 1006 to be an
average Galactic CR source, the renormalizing factor should

FWIC(%) _ 47TJT;N;DhC /°° drr2 /OO dpp*f. (7, p) bg 1/5. Based on these arguments, the fluxes presented in
d 0 pey) Fig.1e and 1f were calculated with 5 times less CRs than for-
mally predicted by our model.

. B o5 .
in photons/(cms), whereor = 6.65 x 1072% cn? is the The volume-integrated CR spectrum

Thomson cross-sectiony,, = 373 cm~3 is the number
. . _ 74 . H oo
density of microwave photons,;, = 6.7 x 10~* eV is their N(p,t) = 16722 drr2 f(r, p. 1)

mean energy, angle,) = mcy/3e,/4epp. 0

has, for the case of protons, almost a pure power law form
3 Results and Discussion N « p~2 over a wide momentum range frobd—2Mc up

to the cutoff momentum, ... = €max/c, Wheree,, ~
SN 1006 is a type la SN. Therefore we use typical SN la pa2 x 10! eV is the maximum CR energy (Fig.1c). The overall
rameters in our calculations: ejected mads; = 1.4Mo, electron spectrum deviates from the power-law dependence
k = 7, and a uniform ambient ISM with hydrogen number N, « p~—2 at high momenta > p; ~ 10Mec, due to the
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and speed of the shock (Moffett et al.,
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synchrotron losses in the downstream region with magneticiesv = 10'° = 10'® Hz. According to Lucek and Bell
field By ~ 100 G which is assumed uniform in this region (2000), the existing ISM field can be significantly amplified
(Bq = B2 = 0By). The main part of the electrons with the near the shock by CR streaming.

highest energies 2 10 TeV is produced at the end of the
free expansion phase. At this stade~ V{ which leads to a
maximum electron momentups, ., < 10°Mcin agreement
with the numerical results (Fig.1c).

According to the calculation, the hadronjeray produc-
tion exceeds the electron contribution by a factor of about
5 at energies, < 1 TeV, and dominates at, > 10 TeV
(Fig.1f). The calculation is in reasonable agreement with
the TeV-measurements reported by the CANGAROO col-

The parametek., = 3 x 1072 gives good agreement be- ; o .
@boratlon (Tanimori et al., 1998), and it does not contra-

tween calculated and measured synchrotron emission in th& o e ooy
radio- and X-ray ranges (Fig.1e). Note, that due to nonlin-dict the EGRET upper limi"* = 8 > 107 cm s~ at

ear effects (e.g. Berezhko et al., 1996) the electrons wittf» = -4 GeV (cf. Mastichiadis and De Jager, 1996).
momentap/Mc S 10 (e, S 10 GeV), which produce syn- The~-ray spectra produced by the electronic and hadronic
chrotron emission at < 10 GHz, have a spectrunv, o CR components have closely similar shapes at the energies
p~2! that leads to the expected radio spectrsimx »—°-55 10 Ge\< ¢, <1 TeV due to the synchrotron losses of the
which fits the experimental data very well (Fig.1e). A rela- electrons. Therefore, the only observational possibility to
tively high magnetic field strengtB, = 20 uG, compared discriminate between leptonic and hadronic contributions is
with typical ISM valuesB, = 5 uG, is required to give a to measure the-ray spectrum at energies essentially higher
smooth cutoff in the synchrotron spectrufiw) at frequen-  than 1 TeV, where these two spectra are expected to be essen-
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tially different. The detection of a substantial flux at energies  The expected’-decayy-ray flux F, o« e;l extends up to

e, 2 10 TeV would provide direct evidence for its hadronic 100 TeV, whereas the I§-ray flux has a cutoff above a few

origin. TeV. Therefore the detection gfray emission aboved TeV
Note that the radio-emitting electrons with< 10 GeV  would imply evidence for a hadronic origin.

occupy a very thin region of thicknegsr ~ R./(30) ~

0.05R, behind the shock front, whereas the highest energy’cknowledgementsThis work has been supported in part by the
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occupy the whole SNR volume almost uniformly. Therefore, 123.6) y 9 ya'ig

the required magnetic field valug ~ 100 G in the down- R
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